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Abstract
The dependence on fossil fuels can be possibly reduced by the utilization of
renewable energy sources. Fuel cells offer a promising alternative for renewable power
generation. Among the various types of fuel cells, Proton Exchange Membrane Fuel
Cell (PEMFC) is recently attracting the attention due to its several advantages of highpower density, all solid structure and silent operation. The diverse types of materials
used in this type of fuel cells raised drawbacks related to fuel cell cost and durability.
By far, Nafion of DuPont is still the current state of the art membrane for PEMFCs. It
is known for its high ionic conductivity and stability at low temperatures (i.e. ≤ 80℃)
and fully humidified conditions. However, the membrane loses its conductivity and
stability at higher temperatures. Higher temperature operation is preferred in PEMFCs
as it enhances reaction kinetics, eliminates water accumulation at the cathode and
improves the catalysts’ tolerance for less pure fuels. Hence, intensive research efforts
are triggered to search for Nafion alternatives that can provide an effective and
comparable performance to that of Nafion’s at high temperature operations and
anhydrous conditions.
This work aims at synthesizing Nafion-free composite membranes based on a
combination of Calcium Phosphate (CP), Ionic Liquids (ILs) and Glycerol (GLY)
supported on polytetrafluoroethylene (PTFE) and have relatively high proton
conductivity and good characteristics compared to literature. The membranes were
synthesized by the spin coating technique and involved the formation of CP/IL
particles within the pores of PTFE. The synthesized membranes were evaluated for
their proton conductivities, morphology, structure, and thermal stability using different
characterization techniques. Four ILs were investigated in this work. Among the four
ionic liquids incorporated in the synthesis of the membranes, the “1-Hexyl-3methylimidazolium

tricyanomethanide

[HMIM][C4N3-]”,

and

the

“Diethylmethylammonium Methanesulfonate [DMEA][OMS]” ionic liquids showed
an improved proton conductivity at room temperature (i.e. 10-1 and 10-2 S cm-1,
respectively) as well as a high proton conductivity at 200℃ and under completely
anhydrous conditions in the order of 10-3 and 10-4 S cm-1, respectively. The
improvement in proton conductivity of the current Nafion-free synthesized membranes

viii
can be possibly explained by the ability of CP, ILs and GLY to form proton conduction
paths within the membrane structure. The XRD and FTIR results explained the
enhancement in proton conductivity by the presence of water molecules and
intercalation of IL. Also, SEM and EDS results confirmed the change in membranes
structure as well as the formation of CP within the membranes pores, which are
consistent with the conductivity enhancement. The findings in this thesis work are
promising for potential high temperature and reasonable performing membranes in
PEMFC. They also provide a lower cost membrane that would potentially decrease the
cost of membranes, hence, decrease the capital cost of fuel cells stacks in general.

Keywords: Composite membranes, PEM fuel cells, High temperature membranes,
Nafion, Calcium phosphate, Ionic liquids, Proton conductivity, Spin coating.
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)Title and Abstract (in Arabic

توليف أغشية مركبة من فوسفات الكالسيوم والسوائل األيونية فوق ركائز بولي
تترافلورو إيثيلين بغرض استخدامها في تطبيقات خلية وقود غشاء البروتون
الملخص

إن الجهود المبذولة لتقليل اعتماد العالم على الوقود األحفوري كمصدر أساسي للطاقة
يمكن أن تثمن من خالل استخدام مصادر الطاقة المتجددة .تعتبر خاليا الوقود إحدى هذه المصادر
الواعدة لتوليد الطاقة المتجددة .يوجد عدة أنواع رئيسية لخاليا الوقود أهمها هي خلية وقود غشاء
التبادل البروتوني ( )Proton Exchange Membrane Fuel Cellو التي جذبت االهتمام
بشكل كبير نظرا ً لمزاياها المتعددة المتمثلة في كثافة الطاقة العالية ()high power density
وهيكلها الصلب باإلضافة إلى آلية عملها الشبه خالية من الضوضاء .ولكن يواجه التطبيق الفعلي
لهذا النوع من خاليا الوقود عدة تحديات مرتبطة بشكل كبير بتكلفة ومتانة المواد الداخلة في
تصنيعها وخاصة المواد المستخدمة في تحضير غشاء التبادل البروتيني .إلى اآلن لم يتم توليف
غشاء تبادل بروتيني يضاهي كفاءة غشاء "النافيون" ( )Nafionالمصنع من قبل شركة
"دوبونت "DuPont-والذي يتميز بموصلية أيونية عالية واستقرار هيكلي عند درجات حرارة
منخفضة (أقل من  80درجة مئوية( و الظروف الرطبة .و على الرغم من ذلك ،فإن النافيون يبدأ
بفقدان جميع مميزاته عند درجات حرارة أعلى من  80درجة مئوية .وهذا ما يعد معضلة بحد
ذاتها ،حيث أن تشغيل خلية وقود غشاء التبادل البروتيني عند درجات حرارة أعلى من  80درجة
مئوية له مميزات هامة متمثلة بتعزيز حركية التفاعل الكيميائي ( ،)reaction kineticsوتجنب
تراكم المياه عند قطب الكاثود هذا باإلضافة إلى امكانية استخدام أنواع متعددة من الوقود في
الخلية.
و من هذا المنطلق ،تهدف هذه األطروحة إلى توليف غشاء تبادل بروتيني من فوسفات
الكالسيوم و السوائل األيونية و الجليسرين ومثبت على ركيزة بولي تترافلورو إيثيلين ،بحيث يكون
بديالً محتمالً للنافيون .في هذا العمل ،تم تحضير أغشية التبادل البروتيني باستخدام تقنية "الطالء
الدوراني" ( .)Spin Coatingوتمت دراسة خصائص األغشية المحضرة من حيث الموصلية
األيونية ،خصائص السطح و االستقرار الحراري .من إجمالي أربع سوائل أيونية مستخدمة في
هذه األطروحة ،أظهرت األغشية المحضرة باستخدام السوائل األيونية “1-Hexyl-3-
”[HMIM][C4N3-],

tricyanomethanide

methylimidazolium

و

x

”] “Diethylmethylammonium Methanesulfonate [DMEA][OMSتحسنا ً
ملحوظا ً في الموصلية األيونية عند درجة حرارة الغرفة بحيث كانت الموصلية  10-1و S 10-2
 cm-1على التوالي .هذا باإلضافة أنه عند درجة حرارة عالية ( 200درجة مئوية) وظروف جافة
تماماً ،بلغت الموصلية األيونية لالغشية المحضرة بالسوائل األيونية المذكورة أعاله  10-3و 10-
 S cm-1 4على التوالي .يمكن تفسير هذه النتائج من خالل قدرة كل من فوسفات الكالسيوم و
السوائل األيونية و الجليسرين من توفير ممرات بروتينية في األغشية المحضرة مما أدى إلى
تحسين الموصلية األيونية لها .تم تدعيم هذه النتائج عن طريق استخدام عدد من طرق التوصيف
المختلفة ( )Characterizationمثل الـ  XRDو  FTIRو  SEMو  EDSوالتي أثبتت ما تم
ذكره سابقا ً .تبدو هذه النتائج واعدة كبديل محتمل للنافيون وخاصة عند درجات الحرارة العالية
لخاليا وقود غشاء التبادل البروتيني مما قد يعمل على خفض التكلفة السوقية لها.
مفاهيم البحث الرئيسية :أغشية التبادل البروتيني ،خاليا وقود غشاء التبادل البروتيني ،أغشية
درجات الحرارة العالية ،النافيون ،فوسفات الكالسيوم ،السوائل األيونية ،الموصلية األيونية،
الطالء الدوراني.
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Chapter 1: Introduction

1.1 Overview
The use of fossil fuel for the first time goes back to the Chinese civilization
around 4000 years ago [1]. However, the dependency on fossil fuel did not start 4000
years ago. The total dependency on fossil fuel as the main source of energy started
with the industrial revolution in the 18th century and after that the rest is part of the
disaster as level of pollution increased [2]. Since the start of the industrial revolution,
greenhouses gases emissions from fossil fuel combustion has increased rapidly and
specially Carbon Dioxide (CO2) which has increased by more than a third leading to
the global warming phenomena [3]. Also, air pollution levels increased to serious
levels due to the rapid increase in fossil fuel combustion. According to the World
Health Organization, the high levels of air pollution are killing around 7 million people
every year [4]. As a result, reducing the dependency on fossil fuel has become one of
the world’s greatest objectives. Utilization of renewable energy sources such as wind
power, solar energy, biofuel, fuel cells and others have increased over the past years
as a replacement to fossil fuel. One of the most fascinating renewable energy sources
is the fuel cell.
A fuel cell, initially invented by Sir William Grove in 1839, is an
electrochemical device (galvanic cell) that utilizes the energy produced by
electrochemical reactions to produce electrical energy (electricity) [5,6]. In general, all
fuel cells consist of electrolytes and electrodes [7]. The fuel (i.e hydrogen, methanol,
or methane) is fed into the fuel cell where it gets oxidized at the anode electrode giving
protons and electrons. The protons transport through the electrolyte to the cathodic
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compartment while electrons are transferred to the cathodic area through an external
circuit, hence, result in an electrical current. At the cathode, oxygen molecules are
reduced by the electrons, and then combined with the protons coming through the fuel
cell electrolyte to form water molecules as illustrated in Figure 1.

Figure 1: Schematic Diagram of PEMFC [11]
In general, fuel cells can be divided into five main types based on their
electrolytes. These types are alkaline fuel cells, phosphoric acid fuel cells, solid oxide
fuel cells, molten carbonate fuel cells, and proton exchange membrane fuel cells
(PEMFCs) [5]. Among these types, PEMFCs are attracting attention for their several
favorable characteristics.
They can produced zero to low emissions (depending on the fuel), they are
silent in operation, rapid at start up and have an all solid structure by virtue of their
polymer electrolyte [8–11].
At the heart of PEMFCs is the proton exchange membrane. The proton
exchange membrane is a polymeric membrane that plays an important role in PEMFC
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since it works as an electrolyte to conduct protons (ion conduction), separate the fuel
and the oxidant, insulate the electrons and support the catalysts [9]. In order for the
polymeric membranes to play their role in the fuel cell effectively, they should fulfil
the following characteristics [11-12]:
1. High proton conductivity.
2. Good mechanical properties (Uniform and free of defects).
3. Excellent chemical properties to sustain oxidation, reduction and hydrolysis.
4. Reasonable thermal stability.
5. Relatively competitive price.
Due to the growth of the PEM and the promising role in energy and
environment sustainability, considerable efforts have been made over the past 180
years to promote the synthesis and development of highly efficient polymeric
membranes for the PEMFCs.

1.2 Statement of the Problem
The state-of-the-art of PEMFC electrolyte is Nafion which was developed by
DuPont in the 1960s. It is the most commonly used membrane for PEMFC due to its
high proton conductivity (order of 10-1 S cm-1) and chemical stability [10,13]. It
consists of a fluorinated backbone made from polytetrafluorethylene (PTFE) which is
responsible for the Nafion unique characteristics [13]. Despite that Nafion is currently
the most commonly used polymeric membrane for PEMFC, however, it has some
drawbacks. For examples, it suffers from dehydration at elevated temperature, it causes
fuel crossover, and it is costly resulting in an increased price of the fuel cell system
[5,14–18]. The proton conductivity of Nafion depends heavily on its water content.
The water content in Nafion drops by evaporation once the operating temperature of
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fuel cell increases above 80℃, i.e. approaching water normal boiling temperature,
resulting in conductivity drop. In PEMFC, high temperature operation (T > 80℃) is
preferable. It eliminates water accumulation at the cathode, speeds up reaction kinetics
and permits the use of less pure fuels, with higher concentrations of carbon dioxide.
The Nafion-based membrane limits high temperature operation despite its several
advantages. Additionally, the membrane loses its mechanical integrity due to its low
glass transition temperature [10,13]. Hence, researchers’ efforts aimed at developing
new and functional high temperature membranes. Many studies have been reported in
the literature which addressed the modification of Nafion membranes [19–22]. Other
studies aimed at synthesizing novel Nafion-free membranes either by introducing
proton conductors, such as glycerol, zirconium phosphate, silica and ionic liquids, into
PTFE films [10,23–27], or by the development of solid proton conductors [28–30]. In
particular, this thesis research focuses on the development of a Nafion-free membranes
that would reasonably function in a high temperature PEMFC, operating above the
boiling point of water.

1.3 Thesis Objectives
The aim of this study is to synthesize a novel, Nafion-free membranes based
on Calcium Phosphate (CP) and Ionic Liquids (ILs). To the best of the author’s
knowledge on the most recent literature, the CP/IL membranes have not yet been
reported in the literature. A few studies have reported the CP ability to improve the
proton conductivity in Nafion at high temperatures, reduce fuel crossover, and enhance
membrane thermal and chemical stabilities [31,32].
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In this research, ionic liquids are also studied and evaluated to enhance the
proton conduction properties of CP. Different ionic liquids along with glycerol (GLY)
were used with CP and supported on a polytetrafluorethylene (PTFE) porous film.
PTFE films were used due to their thermal, chemical and mechanical stabilities along
with lower cost compared to Nafion [23,24]. Moreover, glycerol was considered as a
well-known dispersing agent as well as its effect on the enhancement of conductivity
[25,27,33–35]. In general, the main thesis objective is to synthesize Nafion-free
membranes with high proton conductivity and good proton conduction characteristics
at temperature above the boiling point of water up to 200℃. The study phases are
indicated below, to clarify the purpose of the work:
1. Synthesize a novel Calcium Phosphate, Ionic Liquids, and glycerol based
Nafion-free proton exchange membrane.
2. Evaluate the proton conductivities of the synthesized GLY/CP/IL/PTFE
membranes via the use of Electrochemical Impedance Spectroscopy (EIS)
3. Determine the effect of different ILs and their compositions on the
performance (i.e. proton conductivity) of the synthesized membranes as well
as obtaining the relatively optimum ILs’ quantities.
4. Use of different characterization techniques including X-Ray Diffraction
(XRD), Fourier-Transform Infrared Spectroscopy (FTIR), Scanning Electron
Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDS) to
characterize the produced membranes and to explain the proton conductivity
values.
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1.4 Thesis Layout
This thesis consists of five chapters. Chapter one is the introduction which
presents the thesis overview, problem statement, thesis objectives, and the layout.
Chapter two introduces the theoretical background and relevant literature. The chapter
provides an extensive literature about fuel cell technology such as the structure, the
advantages, the limitations, and the types of fuel cells. Furthermore, it extensively
addresses fuel cell performance and its applications. Finally, a whole section is devoted
for details of PEM fuel cells and the current improvements via calcium phosphate,
ionic liquids, and glycerol. Chapter three explains the methodology of the
experimental analysis as well as characterization techniques. Chapter four presents the
results and discussion of the synthesized CP/IL Nafion-Free membranes. Finally,
chapter five summarizes the concluded findings and highlights the anticipated future
work.

7

Chapter 2: Background

2.1 Fuel Cell Technology
Fuel cells are developed to lead the future of clean and renewable energy.
Climate change, urban air pollution and energy security threats are the negative
consequences of the continuous utilization of fossil fuel resources. The appearance of
new green technologies as an alternative to fossil fuel are required and fuel cells are
one of them to produce clean and efficient energy.
Fuel Cells (FCs) are those devices that use the basics of electrochemical
reactions to harness electricity from chemical reactions. Conceptually, fuel cells are
factories to produce electricity as long as there is a continuous supply of input (fuel).
They are like batteries in term of the electrochemistry basics, but they differ in lifetime; batteries are consumed during the reaction while fuel cells are not. Moreover,
they are considered better than combustion engines as fuel cells harness electricity
directly from chemical reactions while combustion engines convert fuels into heat
which is used to do mechanical work, and thus generate electricity [36].
This chapter presents the fundamentals of the fuel cell in term of its structure,
advantages, limitations, main types, efficiency, and applications.
2.1.1 General Structure of the Fuel Cell
A fuel cell is mainly composed of electrodes (anode and cathode), electrolyte
(solid or liquid), gas diffusion layers (GDL) and bipolar plates [7,36–38]. All of these
components are stacked together and repeated either in series or parallel formation as
shown in Figure 2.
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a

b

Figure 2: Simplified View of Fuel Cell Structure. (a) 2D view (b) 3D view [39,40]
In the FC, the electrochemical reaction occurs at the electrodes. More precisely,
the reaction takes place on the catalyst layers supported on the electrodes. The
electrodes should have a porous structure to maximize the surface area of the reaction
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as well as ease the transfer of reactants toward the electrolyte [41]. At the anode, the
oxidization reaction results in ions and electrons. On the other side, the reduction
reaction takes place at the cathode where protons (coming from the electrolyte) and
electrons meet and combine to balance the electrochemical reaction. The electrolyte,
sandwiched between the electrodes, is considered the main part of the electrochemical
reaction as it is responsible about conducting charged ions, but not electrons; from one
electrode to another [42]. The protons diffusion from the anode to the cathode
combined with the external flow of electrons complete the circuit. In general, the main
requirements of an electrolyte material whether they are solid or liquid are (i) high
ionic conductivity, (ii) low electronic conductivity to prevent short circuit, (iii) low
ohmic resistance, (iv) mechanical and thermal stability, and (v) easy to manufacture
with low cost [7,15,41]. The electrodes, the electrolyte and the catalyst are all
supported between the gas diffusion layers (GDL). GDLs have similar characteristics
as the electrodes with higher mechanical strength to support the electrode-electrolyte
assembly. GDLs usually possess a hydrophobic characteristic to prevent flooding of
the electrode-electrolyte assembly and specially at the cathode area where water is
produced at the end of the electrochemical reaction [43]. The final part of a fuel cell
are the bipolar plates. The bipolar plates play a dual function as a separator and a
collector [44]. They do separate the cells from each other in a fuel cell stack. Also,
they play an important role in collecting the generated current. Moreover, they provide
mechanical strength and thermal stability to the setup [45]. Therefore, the bipolar
plates must be electrically conductive, impermeable to reactants, mechanically stable
and thermally conductive.
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2.1.2 Advantages and Limitations of Fuel Cells
Being a renewable source of energy is not the only advantage of fuel cells. In
general, fuel cells are direct energy convertors. In other words, they have the advantage
over piston or turbine based Internal Combustion Engine systems (ICE) as they do
convert fuel into power directly without any further thermal or mechanical pathways
[46]. That is why when comparing efficiency, fuel cells are more efficient than ICE by
20-60% or greater [47,48]. Another interesting advantage of fuel cell is their
simplicity. They have no moving parts, except for the air compressor and fuel pump;
they are silent, and thus no more noise pollution if compared to ICE [47]. More
importantly, fuel cells are known for their low to zero emissions specially if hydrogen
is used as fuel which results water as the only by-product produced [49,50]. Therefore,
no greenhouse gases, such as NOx, SOx, COx, are emitted to the atmosphere which
helps in the global warming concerns, eliminate the sources of acid rain and improving
air quality. Finally, high temperature fuel cells produce high quality heat streams that
can be exploited in combined heat and power systems or as medium to transport heat
into cold areas.
Regardless of all the interesting advantages of fuel cells, they possess some
challenges. Fuel cell systems are costly compared to fossil fuel systems. In most of the
fuel cell types, the high cost is mainly a result of the expensive materials which are
used as noble metal catalysts or in the manufacture of anodes and cathodes [46]. Even
though the best fuel to be used in fuel cells is hydrogen due to its high energy content
and zero emission, but its availability is a question in terms of its storage, the
distribution, the infrastructure as well as the safety [46,51]. Also, hydrogen fuel is
considered expensive compared to fossil fuel [52]. As an alternative, hydrogen-rich
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fuel such as methanol, gasoline and natural gas, are used instead, however; this may
lead to fuel cell poisoning due the existence of noble metals like platinum [36].
2.1.3 Types of Fuel Cell
Fuel cells can be classified based on many factors such as electrolyte type,
operating temperatures, and fuel types. The classical classification is based on
electrolyte type, and accordingly, this thesis core interest is to develop a novel
electrolyte. In general, fuel cells can be divided into five main types based on their
electrolytes. These types are alkaline fuel cells, phosphoric acid fuel cells, solid oxide
fuel cells, molten carbonate fuel cells, and proton exchange membrane fuel cells
(PEMFCs) [5]. An overview of these types with reasonable comparison is presented
in this section.

2.1.3.1 Alkaline Fuel Cell
The Alkaline Fuel Cell (AFC), also called the Bacon fuel cell, uses a potassium
hydroxide (KOH) or a sodium hydroxide aqueous solution as its electrolyte [53]. This
type of fuel cell works based on the conductivity of hydroxyl ions produced at the
cathode and this is moved through the electrolyte to oxidize the fuel molecules and
generate electricity as shown schematically in Figure 3. The main electrochemical
reactions for this fuel cell, if hydrogen is used as the fuel, are shown in reactions (1)
and (2):
Anode Reaction: 2H2 + 4OH- → 4H2O + 4e-

(1)

Cathode Reaction: O2 + 4e- + 2H2O → 4OH-

(2)

12
The AFC is considered as one of the earliest fuel cells that was used by the
NASA Apollo missions [36]. It operates at temperatures in the range of 60-120℃ [41].
AFC is unique in its high operating efficiency (high power density), around 60%, and
its lower cost due to the use of relatively cheap anode and cathode materials [54]. On
the other side, the AFC is very sensitive to CO2 as its electrolyte gets degraded. Thus,
it requires pure H2 fuel and pure O2. Furthermore, in this fuel cell, the water is produced
at the anode and if the excess water is not removed as fast as possible, the performance
of the cell would decrease due to KOH dilution [36]. Even though recent studies have
been developed to overcome these AFC limitations and specially the CO2 poisoning,
it is still commercially not available except for space applications.

Figure 3: Working Principle of the AFC [36]
2.1.3.2 Phosphoric Acid Fuel Cell
From its name, the Phosphoric Acid Fuel Cell (PAFC) uses liquid phosphoric
acid (H3PO4) as an electrolyte. The liquid H3PO4 can be either pure or highly
concentrated [36]. Usually, the electrolyte is held in a silicon matrix that prevents
reactant crossover and any ohmic losses [55]. Unlike AFC, this type of fuel cell
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follows a proton driven mechanism to generate electricity [53]. The fuel is oxidized at
the anode resulting in protons and electrons. The protons move through the conductive
electrolyte and combine with electrons and oxidant as presented in Figure 4. If
hydrogen is used as the fuel, the electrochemical reactions are as given in reactions (3)
and (4):
Anode Reaction: H2 → 2H+ + 2e1

Cathode Reaction: 2 O2 + 2H+ + 2e- → H2O

(3)
(4)

PAFC is considered as the first fuel cell developed for the use in power
generation plants [56]. This type of fuel cell operates at a temperature around 200℃
with an electrical efficiency up to 40% [36]. Due to the H3PO4 use as the electrolyte,
it starts to solidify at a relatively low temperature and to avoid this drawback, this type
of fuel cell cannot be operated at a temperature below 42℃. On the other extreme,
running PAFC at a temperature above 200℃ will cause electrolyte phase transition
[36]. Additional disadvantage in this type of fuel cell is the corrosive characteristic of
its electrolyte which result in high maintenance cost [56].

Figure 4: Working Principle of the PAFC [36]
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2.1.3.3 Solid Oxide Fuel Cell
The Solid Oxide Fuel Cell (SOFC) uses a solid state electrolyte, usually Yttriastabilized zirconia based, along with solid anode and cathode [55,56]. SOFC operates
at the high temperature range between 500 and 1000℃ , and hence, it is used for a
variety of applications including the power generation plants [57,58]. This type is
unique in its diverse mechanisms to follow, depending on the electrolyte, as it can
follow anion-driven, proton-driven or mixed ions-driven regimes to generate
electricity as shown in Figure 5 [59]. In the case of the oxygen conducting electrolyte,
oxygen molecules are reduced at the cathode and move through the solid electrolyte
to combine with the fuel, for example hydrogen, thus releasing steam and electrons.
On the other hand, if the electrolyte is proton-driven, the fuel will be oxidized at the
anode, and then the resulting protons would move through the electrolyte and combine
with the oxidant molecules to produce steam as a final product. There are several
advantages in using SOFC. Its solid state electrolyte makes it possible to be configured
in different designs such as flat and tubular [57].

Also, its operation at high

temperature would mean fast reaction kinetics and thus no precious catalysts, such as
platinum, are required and this demonstrates its ability to accept any type of fuels such
as hydrogen and methane, and not affected by CO poisoning [59]. Moreover, steam
and other high quality heat by-products from SOFC can be used to do specific work or
generate direct electric power [60]. Despite of the SOFC advantages, it suffers from
some limitations such as [55,56,59,61]:
1. Difficult to be dynamically controlled,
2. Slow startup
3. Low material durability due to high temperature operation
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4. Cost is higher if developed for portable applications
5. Possible sulfur poisoning, particularly if hydrogen is not the working fuel

Figure 5: SOFC Working Principle. (A) SOFC with oxygen conducting electrolyte
(B) SOFC with proton conducting electrolyte [58]
2.1.3.4 Molten Carbonate Fuel Cell
This type of fuel cell uses a molten carbonate composed of alkali metals like
lithium, potassium and sodium as its electrolyte [62]. The electrolyte is immobilized
in a chemically inert ceramic matrix [36]. Molten Carbonate Fuel Cell (MCFC)
considers a high temperature fuel cell that operates in a range of 600-700℃ and this is
because its electrolyte melting point is around 500℃ [56]. In this fuel cell, oxygen and
carbon dioxide are reduced at the cathode producing carbonate ions that immigrate
through the conductive electrolyte to the anode where they combine with the fuel to
produce carbon dioxide, steam and electrons as shown in schematic diagram of the cell
in Figure 6. The anode and cathode electrochemical reactions are presented in
reactions (5) and (6):
Anode Reaction: H2 + CO32- → CO2 + H2O + 2e1

Cathode Reaction: 2 O2 + CO2 + 2e- → CO32-

(5)
(6)
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It can be noticed that carbon dioxide is produced at the anode and consumed at
the cathode, so the produced CO2 at the anode is usually recycled to be used at the
cathode. Similar to SOFC, the MCFC high temperature operation permits the usage of
inexpensive catalysts, and thus, CO tolerance is not an issue; and this reduces the
overall cost [19]. This also gives the MCFC fuel flexibility and hence not only can it
use hydrogen but also the simple alcohols and the methane as well. Moreover, the high
quality heat by-products can be introduced into turbines to produce electricity or used
as heating material in cold regions [63]. The consumption of CO2 at the cathode makes
MCFC a promising technology for CO2 capture [64]. On the other hand, the corrosive
electrolyte in MCFC weakens its use due to the degradation of electrolyte material due
to high temperature operation which makes it also unsuitable for mobile applications
[36,56,62].

Figure 6: Working Principle of the MCFC [36]
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2.1.3.5 Proton Exchange Fuel Cell
This type of fuel cell uses a polymer material as its electrolyte. From its name,
this FC follows a proton driven mechanism to conduct the protons resulted from the
anode. The state of art electrolyte for this membrane is known as “Nafion,” which was
developed by DuPont in 1960s [10,13]. Nafion has a reasonably high proton
conductivity under low temperature operation (below 80℃) and hydrated conditions
[5,14–18]. However, at higher temperature (over 80℃), Nafion stats to suffer from
sever drop in conductivity. In general, this FC is considered to be the most type of fuel
cells to be commercialized in the last five years due to its simplicity and unique
characteristics when compared to the other types of fuel cells [65]. More details about
the proton exchange fuel cell are presented extensively in Section 2.2. Table 1 gives
an overall summary of the classical types of fuel cells.

Table 1: Summary of classical fuel cells: features and applications
AFC

PAFC

SOFC

MCFC

PEMFC

Common
Electrolyte

NaOH
KOH

Liquid H3PO4

Yttria-Stabilized
Zirconia

Alkali Metals Molten Carbonate
Salt

Polymeric Membrane (Nafion)

Operating
Temperature
(℃)

60-120

≈ 200

500-1000

600-700

80-200

Favorable
Fuel

Pure H2 [41]

Pure H2 [41]

H2, CO, CH4 [37,41]

H2, CO, CH4 [37,41]

Pure H2 [41]

Redox
Reactions

2H2 + 4OH- → 4H2O + 4eO2 + 4e- + 2H2O → 4OH-

H2 → 2H+ + 2e1
O2 + 2H+ + 2e- → H2O

anion-driven, protondriven, or mixed ionsdriven regimes [59]
Solid state, No expensive
catalyst fuel flexibility,
fast kinetics, CO
poisoning resistance,
high heat quality
byproducts
Slow startup, low
material durability,
difficult to be
dynamically controlled,
sulfur poisoning

H2 + CO32- → CO2 + H2O + 2e1
O2 + CO2 + 2e- → CO32-

CHP systems, portable
applications [37,67]

2

Advantages

High operating efficiency,
low cost

CO poisoning resistance
[66]

Drawbacks

CO2 poisoning

Corrosive electrolyte,
high
Maintenance cost

Selected
Applications

Space, backup power,
military [37,67]

Power generators [56]

2

1
2

H2 → 2H+ + 2eO2 + 2H+ + 2e- → H2O

No expensive catalyst, CO
Poisoning Resistance, fuel
flexibility, high quality heat
byproducts, CO2 capture
technology

High electrical efficiency,
absence of corrosive
components, zero emissions,
silent operation

Corrosive electrolyte, material
degradation, unsuitable for
transportation

Nafion’s limitation, use of
expensive catalyst

CHP systems, distrusted
generation [37,67]

Portable applications,
Transportation, backup power
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2.1.4 Other Fuel Cell Types
Other than the classical fuel cell types, there are fuel cells that do not fall into
this category. For example, biological fuel cells known for using microorganisms,
bacterial or biological catalysts to generate electricity through converting energy
stored in fuel such as methanol and glucose into electricity [68]. Figure 7 shows the
biological fuel cell does not differ in principle than the classical ones (i.e. with anode,
cathode, electrolyte, and membrane) but only differ in the use of living cells.

Figure 7: Biological Fuel Cell Working Principle [69]
Another interesting fuel cell type is the single chamber SOFC. This fuel cell
has been developed to overcome some of the normal SOFC limitations like gas-tight
sealing [70]. In the single chamber SOFC, both fuel and oxidant are introduced
together in a single chamber where selective anodes and cathodes complete the
electrochemical reaction as illustrated in Figure 8 [70]. In such type, the anode is
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chosen to perform the oxidation reaction only while the cathode to perform the
reduction reaction. Due to fuel-air mixture, the use of single chamber SOFC could be
dangerous in term of fuel safety wise due to risk constrains (i.e. explosion).

Figure 8: Single Chamber SOFC Working Principle [36]
Metal-Air cell is a unique type of cells that combines both fuel cells and
batteries [71]. Half of this cell is battery while the other half is a fuel cell as it can be
observed in Figure 9. As in batteries, the anode is metallic, and it is the fuel of the cell.
On the other hand, oxygen is the cathode as in normal fuel cells. This cell has a limited
lifetime due to the half battery side where its metallic solid fuel is totally used in the
reaction. They are considered to be better than batteries in term of energy density, but
lower in term of power density [36,71].

Figure 9: Metal-Air Cell Working Principle [36]
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The lack of hydrogen fuel infrastructure and its handling safety were the driven
power to develop direct liquid-fueled fuel cells. This type of fuel cell uses liquid fuel
like methanol, ethanol, and formic acid as its main fuel. The famous direct liquidfueled fuel cell is the Direct Methanol Fuel Cell (DMFC). Basically, DMFC is a
PEMFC that uses methanol as replacement of favorable hydrogen or hydrogen rich
gas [72]. The anode and cathode reactions of this fuel cell are shown in reactions (7)
and (8) and illustrated in Figure 10.
Anode Reaction: CH3OH + H2O → CO2 + 6H+ + 6e3

Cathode Reaction: 2 O2 + 6H+ + 6e- → 3H2O

(7)
(8)

At the anode, the liquid methanol requires liquid water to complete the
reaction. The anodic reaction produces CO2 as a waste which is considered as a
drawback in term of clean energy perspective. Similar to PEMFC, Nafion is considered
DMFC state of the art electrolyte [73]. Thus, all the Nafion drawbacks exist here,
specially methanol crossover [73]. DMFC operates at temperature less than 120 ℃. It
is known for its investigation in portable application as replacement of batteries
particularly as power charger [36]. DMFC advantages lay within the use of liquid fuel
which easier in terms of handling and storage. Also, methanol is relatively cheaper
than hydrogen [72]. Moreover, DMFC has high energy density [72].
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Figure 10: DMFC Working Principle [74]
2.1.5 Fuel Cell Efficiency and Performance
In general, the definition of efficiency in chemical engineering is the ratio
between the output energy to the input energy. For a fuel cell, the same definition
applies as it becomes the ratio of electrical work done by the electrons to the total
electrical work generated by the system. In FC, the maximum energy (electrical)
generated by the system corresponds to Gibbs Free Energy (ΔG) [7,36,37]. Since
hydrogen is the favorable fuel for most fuel cell types, the fuel cell electrochemical
reactions (9), (10) and (11) will be used for further explanation.
Anode Reaction: H2 → 2H+ + 2e1

Cathode Reaction: 2 O2 + 2H+ + 2e- → H2O
1

Overall Reaction: H2 + 2 O2 → H2O

(9)
(10)
(11)

As mentioned, the theoretical electrical energy produced by a fuel cell can be
presented as the Gibbs Free Energy as shown in Equation (12):
Wmax = - n.E.F = -ΔG

(12)

Where Wmax is the work done by the electrical charge, n is the number of
electrons, E is the cell potential and F is Faraday number. From Equation (12) and
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assuming a reversible process (no losses of energy) the ideal potential (or reversible
potential) for hydrogen-oxygen FC operating at standard conditions (25℃, 1 atm) is
1.23 V. In real life, the maximum voltage obtained for a fuel cell is in the range of 0.81.0 V [36,75]. So, if a FC application requires higher voltage, FCs should be connected
in series stacks. The theoretical efficiency of a hydrogen-oxygen FC operating at
standard condition is 83% with the hydrogen High Heating Value (HHV) and 94.5%
with hydrogen Low Heating Value (LHV) as illustrated by Equations (13) and (14)
[7,75]:
η=

∆𝐺
∆𝐻
∆𝐺

=

η = ∆𝐻 =

237.34
286.02
237.34
241.98

× 100 = 83%

(13)

× 100 = 94.5%

(14)

The performance of the hydrogen-oxygen FC can be evaluated using a
polarization or overpotential curve, Voltage Vs. Current Density Curve, and this is
shown in Figure 11 based on the literature (i.e. [7,36,37,75]).

Figure 11: H2/O2 FC Polarization Curve
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As shown in Figure 11, there are several irreversible losses that affect the ideal
H2/O2 FC voltage ([7,36,37,75]) which are as follows:
1- Fuel Crossover Losses: Usually these types of losses occur in alcohol FC such
as the direct methanol fuel cell. In these types of losses, the fuel might diffuse
through the membrane to the cathodic area and react with the oxidant or vice
versa resulting in less electrons produced, and thus less electrical work.
2- Activation Losses: These types of losses are related to the charge transfer
taking place on the electrode surface and how the slowness of the reaction
kinetics can cause these losses. Also, other phenomena on the catalysts surface
such as adsorption and surface diffusion could cause these losses.
3- Ohmic Losses: Usually, these types of losses happen due to the resistance in
flow of electrons. This resistance can come from the electrolyte itself; being
ionic conductive and not electronic conductive. Indeed, the membrane
represent the major Ohmic resistance. Also, if the nature of the electrodes is
less conductive to electrons these losses can also occur. Moreover, the larger
the distance the electrons travel from the anode to the cathode the larger these
losses are.
4- Mass Transport or Concentration Losses: This occurs due to reactants
depletion or product accumulation which both can limit the continuous supply
of electrons and cause a voltage drop.
2.1.6 Applications of Fuel Cells
Clean energy, high efficiency, and scalability of fuel cells give this technology
the advantage to be applied in a wide range of applications such as automobiles,
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telecommunications, power stations, small auxiliary units and space industry. The
applications of fuel cells can be categorized into three main groups, namely (a)
Transportation, (b) Stationary Systems, and (c) Portable Devices.
The transportation sector is responsible for about 28.2% of the greenhouse
gases emissions due the extensive use of fossil fuel, specially gasoline and diesel, in
cars, buses, trucks, ships and planes [76]. In order to decrease these emissions,
different countries and entities around the world started to introduce fuel cell systems
into their transportation sector. For example, Toyota in Japan and Hyundai in South
Korea were responsible for developing and shipping 7450 fuel cell-based vehicles in
2019 [65]. Also, in 2019, China introduced 1500 trucks and buses that operate by fuel
cells into their streets [65]. In addition, the Coradia iLint in Germany is a hybrid train
powered by fuel cell since 2018 and by the end of 2019, it achieved more than 130,000
km in service [65,77]. On the other hand, fuel cell-based aviation systems are a little
more complicated than other mode of transportations due to the complexity of
designing the hydrogen propulsion components. However, different entities such as
HY4 and ZeroAvia built and tried aircraft prototypes that are powered by hydrogen
fuel cells [78]. Also, water transportation has its own share of fuel cell technology.
HySeas III in Scotland is planning to test their fuel cell-based ferry by 2021 while
Daedalus Yachts designed the first fuel cell-based luxury sailboat [65].
In stationary applications, fuel cells have a good reputation for being used as
backup power generators in combined heat power systems and in tri-generation or as
standalone power generators units [46]. Since 2015, about 257,000 fuel cell units for
stationary applications have been shipped worldwide. Most of these units were shipped
to Asia due to the ENE-farm program, SOFC type, in Japan whose main goal is to
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provide Japan with 5.3 million units by 2030 [65]. Also, Bloom Energy and Doosan
are both known for their +100kW contribution of stationary fuel cell systems in USA
for powering various industrial facilities.
Fuel cells raised the attention to replace batteries in portable devices due to
their higher energy density, instant recharging, longer lifetime and lighter in weight
[79]. However, the development of fuel cells for portable devices is hindered mainly
by fuel safety and availability, whether hydrogen or hydrogen-rich fuel, and cost
[36,79]. Around the globe, there are some companies which succeeded to develop
portable fuel cells-based technologies. For example, SFC energy, the leader in fuel cell
portable applications, succeeded to develop a DMFC-based charging platforms for
home and military applications [65]. Also, Doosan succeeded to develop the first
PEMFC commercial power pack for drones [80].
According to Fuel Cell Today, the leading organization of fuel cell information
around the globe, the fuel cell stationary sector dominates over other sectors as shown
in Figure 12. In general, an increasing trend of fuel cells employment can be noticed
in both the transport and the stationary sectors over the past five years while the
portable sector is fluctuating.
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To endorse the involvement of fuel cell technology around the world, Figure
13 shows the regions of the world where fuel cell systems are employed the most. It
can be noticed that Asia is the region that have utilized fuel cells the most over the last
five years, possibly as previously mentioned, this is due to the ENE-farm program in
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Figure 13: Fuel Cell Employment by Region [65]
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When observing the data of fuel cell utilization based on its type, Figure 14
shows that the PEMFC fuel cell is the most employed fuel cell. This might be due to
the PEMFC wide range of applications as shown in Figure 15. However, it can be
noticed that SOFC and DMFC are showing a growth in use. MCFC shows no sign of
commercial data for the last five years which is because for this type of fuel cell that
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Figure 14: Fuel Cell Employment by Type [65]

Figure 15: Fuel Cell Types Chart Comparison: Main Advantages, Range of
Applications and Power in Watts [81]
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2.2 Proton Exchange Membrane Fuel Cell (PEMFC)
In this section more details about the proton exchange fuel cell are presented
extensively. The general structure, types, advantages, and limitations along with
literature review about this type of fuel cell are illustrated.
2.2.1 PEMFC General Structure
The PEMFC, like other fuel cells, consists of electrolyte, anode, cathode, gas
diffusion layers (GDL) and bipolar plates as illustrated previously in the schematic
diagram in Figure 2 (a) [82]. The key component of this type of fuel cell is what called
the Membrane Electrode Assembly (MEA) which consists of the membrane, the
electrodes and the gas diffusion layers. The electrolyte in this type of fuel cell is a solid
polymeric membrane, and it is sandwiched between the two electrodes and GDL.
Hydrogen is a favorite fuel for this type of fuel cell, and it is typically oxidized with
the aid of a platinum catalyst at the anodic compartment. The produced protons are
being conducted via the polymeric membrane, and then transported to the cathodic
compartment. At the same time, electrons move through an external circuit where they
perform specific work and meet with the protons and oxygen at the cathodic
compartment. At the cathode, protons, electrons, and oxygen go through a reduction
reaction to produce pure water. PEMFC redox reactions are shown in reactions (15)
and (16) [41]:
Anode Reaction: H2 → 2H+ + 2e1

Cathode Reaction: 2 O2 + 2H+ + 2e- → H2O
1

Overall Reaction: H2 + 2 O2 → H2O

(15)
(16)

(17)
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2.2.2 PEMFC Types
In general and based on the electrolyte used, PEMFC can be classified into two
types: Low Temperature PEMFC (LT-PEMFC) and High Temperature PEMFC (HTPEMFC) [83,84]. The LT-PEMFC is the first and the most commercialized generation
of PEFMC [65,83]. The state-of-the-art of LT-PEMFC electrolyte membrane is Nafion
which is a water dependent electrolyte [85]. Nafion is an acid polymer composed of
polytetrafluorethylene (PTFE) backbone which makes it the standard material for
PEMFC due to its high proton and chemical stability[10,13]. Due to Nafion properties,
LT-PEMFC must operate at a temperature ≤ 80℃ [13]. On the other hand, HTPEMFC uses a mineral based membrane as an electrolyte and it operates at a
temperature range of 100-200℃ [83,84]. Unlike the LT-PEMFC, HT-PEMFC is still
in the R&D phases for determining the best electrolyte combination that would
accommodate high temperature operation [10,19,83,86–88].
2.2.3 PEMFC Advantages and Limitations
PEMFC is known to be versatile due to its wide range of generated power
(1-100 kW) which makes it accessible for many applications from portable auxiliary
units to stationary power generators [51,65,80,81,89]. This type of fuel cell is
considered to have a high electrical efficiency in the range of 50-70% [56]. And in the
absence of corrosive or hazardous materials, present in other fuel cells like AFC,
PAFC and MCFC, PEMFC is considered safer in applications. Also, PEFMC is known
for its low to zero emissions when hydrogen fuel is used, as well as its silent operation
[8–11,56]. Most of PEMFC limitations come from the use of Nafion as its most
common electrolyte. Nafion operates the best under hydration conditions which at
higher temperature (above 80℃) starts to dehydrate leading to a drop in proton
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conductivity of the cell. Also, Nafion is known to cause fuel crossover as well as being
relatively expensive which increase the cost of the PEMFC system [5,14–18].
Moreover, it has a relatively low glass transition temperature (around 110℃) that with
high temperature applications the electrolyte loses its mechanical stability [10,13,25].
Adding to these limitations is the use of precious metal catalyst such Platinum (Pt)
which is expensive and has low tolerance to CO poisoning. This makes PEMFC
depend on pure hydrogen only which has its own availability barriers in terms of
storage, distribution, infrastructure, and safety.
High temperature operation of PEMFC (i.e. T > 80℃) would be the solution
to all the above-mentioned limitations. It eliminates water accumulation at the cathode
(proper water management), speeds up reaction kinetics and permits the use of less
pure fuels that may contain carbon dioxide. Thus, quantities of expensive Pt catalyst
can be limited or replaced. Also, high temperature operation gives an advantage as
high quality heat by-products can be implement in Combined Heat and Power (CHP)
systems [83]. That is why to achieve proper commercialization of PEMFC, novel
composite membranes that operate at elevated temperature and used in such
applications are essential to be developed. In general, current approaches of novel
composite membrane development are either targeting Nafion to be modified or to
synthesize a Nafion-free membrane by introducing proton conductors such as
zirconium phosphate, silica, glycerol and ionic liquids [10,19–24,26,27,29,30].
2.2.4 PEM Improvement via Calcium Phosphate
Calcium Phosphate (CP), also called calcium salt of phosphoric acid, is an
inorganic material best known for its application in the biomedical field because of its
biocompatibility and mechanical stability [90]. As one of the proton conducting
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phosphates, CP has been reported in literature for its use in the preparation of fast
proton conductors for electrochemical applications in addition to biomedical ones [91–
93]. There are few studies that mentioned the application of different forms of calcium
phosphate as an inorganic proton conductor into Nafion and Nafion-free membranes.
CP was used to enhance the conductivity and to lower fuel cross over in Nafion
membranes of direct methanol fuel cell [31]. The studies of Park et al.[94] and Nam et
al. [32] showed the ability of calcium hydroxyphosphate (another form of CP) to
enhance Nafion’s proton conductivity (0.18 S cm-1 and 0.14 S cm-1 at 80℃
respectively) and membrane stability. A Nafion-free membrane, which was
synthesized from CP hydrogel obtained from fly ash and chicken bone powder,
showed a comparable membrane performance to the fluorinated one with conductivity
of 10-2 S cm-1 at 80℃ [95].
2.2.5 PEM Improvement via Glycerol
One of main PEMFC electrolyte properties is to possess a high proton
conductivity, preferably larger than 10-4 S cm-1. In PEMFC, protons are moving
through the electrolyte via two main mechanisms: Vehicle and Grotthuss [96]. In the
vehicle type mechanism, protons move via the help of the medium (proton solvents)
which is usually hydrated ions such as H3O+ [97]. This type of mechanism is dominant
at low temperature applications where the membrane is hydrated such as in Nafion
(i.e. T≤ 80℃). On the other hand, in the Grotthuss mechanism (also called proton
hopping) the protons migrate through the electrolyte via the formation and breaking of
hydrogen bonds [97]. Proton hopping requires no proton solvent, and it is the dominant
mechanism at high temperature applications. Therefore, the higher the proton transfer
via these mechanisms the higher the proton conductivity of the electrolyte membrane.
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Glycerol or glycerin is used as proton conductivity enhancement materials for
PEFMC. Implementation of glycerol as a material in the membrane synthesis enhances
the fuel cell proton conductivity due to its dispersing property, ability to absorb
moisture, and ability to form hydrogen bonds [34,86,98]. Being a dispersing agent
helps the formation of well-dispersed particles within the polymer matrix. The second
property works better for low temperature fuel cell applications. The more hydrated
the membrane is, the more protons are transferred via the vehicle mechanism. Finally,
the ability to form and break hydrogen bonds helps the protons to transfer via the
Grotthuss mechanism. Several studies proved the ability of glycerol to enhance the
proton conductivity and mechanical properties of the PEFMC membrane at low and
high temperature applications, particularly with the incorporation of an inorganic filler
such as zirconium phosphate [10,25,27,33].
2.2.6 PEM Improvement via Ionic Liquids
By definition, Ionic Liquids (IL), first reported by Walden in 1914, are salts
that exist in the liquid phase at room temperature [99]. IL, also known as molten salt,
consists of organic cations and inorganic or organic anions [100]. The ionic liquids are
considered as green solvents and possess interesting properties such as high ionic
conductivity, low vapor pressure, non-flammability, low corrosivity, low viscosity and
high thermal stability [99–101]. In general, ionic liquids can be classified into two
types: aprotic and protic [100]. Aprotic ILs are those that do not contain acidic proton
and synthesized by complex approaches while protic ILs are those that contain acidic
proton (i.e. synthesized from Brønsted acid and base) [9,102]. Usually, protic ILs are
more favorable for fuel cell applications due to their high ionic conductivity when
compared to aprotic ILs [9,103]. Also, ILs can be either hydrophilic or hydrophobic
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[101]. Hydrophilic ILs are preferred for fuel cell applications due to their ability to
absorb water [28].
Recently, ionic liquids raised the attention in the synthesis of fuel cell
membranes due to their high proton conductivity, chemical and thermal stabilities, and
their ability to enhance water content in membrane and hence, increasing its protonic
conductivity; imidazolium based ionic liquids were the most investigated [9,14,104–
106]. A recent study by Al-Othman et al. addressed the incorporation of 1-ethyl-3methylimidazolium ethyl sulfate ionic liquid into a zirconium phosphate/PTFE
composite and the results gave a reasonable proton conductivity of 0.0714 S cm-1 at
room temperature and of 0.061 S cm-1 at high temperature of 200℃ and fully
anhydrous conditions [10]. Zhang et al. [107] studied the implementation of
imidazolium based IL, 1-butyl-3-methylimidazolium cation with hydroxide, into
polyvinylidene fluoride and polyvinylpyrrolidone hybrid membrane matrix that
revealed an enhancement in conductivity from 10-5 S cm-1, without IL, to 10-3 S cm-1,
with IL, at 80℃ and 98% relative humidity. Another study used porous polyimide
membrane (Matrimid® 5218) film along with three synthesized imidazolium based
ILs showed a conductivity of 10-3 S cm-1 at 160℃ [108]. A completely anhydrous
membrane were synthesized by methylimidazolium poly (aromatic ether ketone) and
fluoropolymer revealed a conductivity of 0.192 S cm-1 at 160℃ [109]. More studies
on imidazolium based ionic liquids showed promising results in enhancing the proton
conductivity to 10-3 S cm-1 at 150℃ for proton exchange membrane [110], as well as
enhancing the anion conductivity of alkaline exchange membrane to 0.0266 S cm-1 at
30℃ [111]. Ammonium based ionic liquids also has been reported in literature to
improve

fuel

cell

electrolyte

performance.

Lee

et

al.

[112]

studied

diethylmethylammonium trifluoromethanesulfonate [DEMA][TFO] to modify
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Nafion’s under anhydrous conditions. The study results were promising with
conductivity higher than 10-3 S cm-1 at temperature range of 40-160℃ along with
chemical and mechanical stability. Similar results were obtained for a PEMFC silica
hybrid membrane doped with [DEMA][TFO] IL with a proton conductivity exceeding
10-2 S cm-1 for a temperature range 120-220℃ [113].
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Chapter 3: Membrane Synthesis Methodology
There are different methods for the preparation of synthetic membranes such
as phase inversion, stretching, sintering and coating [114,115]. In this research project,
several membranes were prepared using the coating technique. Coating method is used
to synthesize composite membranes by depositing thin dense layer, known as skin
layer or selective layer onto a porous support, where in this work the porous support
is the polytetrafluorethylene (PTFE) [115]. The advantages of coating techniques over
the other membrane preparation techniques are the simplicity of this approach to form
a membrane, the ability to deposit as many layers as possible and the ability to optimize
each layer separately [115,116]. This chapter illustrates the experimental methodology
implemented in this thesis to prepare the different composite membranes, along with
the techniques used to characterize the developed samples.

3.1 Experimental Procedures
3.1.1 Materials
In order to synthesize the variety CP/PTFE composite membranes, different
materials were used. A 50 μm thickness and 50% porosity polytetrafluorethylene
(PTFE) sheet was purchased from Sterlitech. Granular anhydrous Calcium Chloride
(CaCl2) was purchased from J.T.Baker. Phosphoric acid, of 85 wt.% purity, was
purchased from Merck, and the glycerol ≥ 99.5% was purchased from Sigma Aldrich.
Additionally, several ionic liquids, shown in Table 2 were obtained from IoLiTec
GmbH and used without any modifications.

Table 2: Ionic liquids that were used in this study
#

Ionic Liquid Name

Abbreviation

Protic/ Aprotic

Hydrophilic/ Hydrophobic

[EMIM][CH3O3S-]

Aprotic

Hydrophilic

[BMIM][DCA]

Aprotic

Hydrophilic

[HMIM][C4N3-]

Protic

Hydrophilic

[DMEA][OMS]

Protic

Hydrophilic

Chemical Structure

1-Ethyl-31

methylimidazolium
methanesulfonate
1-Butyl-3-

2

methylimidazolium
dicyanamide
1-Hexyl-3-

3

methylimidazolium
tricyanomethanide
Diethylmethylammonium

4
Methanesulfonate
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3.1.2 Membrane Synthesis
Different membranes were synthesized in the lab according to the steps
indicated in Figure 16 below. The CP/PTFE composite were prepared and fabricated
in three main steps: wetting, reaction, and drying.
Step (1)

Spin Coater

Preparing CaCl2
solution with GLY
and IL

Continuous
heating and
stirring

Membrane
surface wetting

Oven

Step (2)

Heat

Membrane Drying

Forming CP with
acid addition

Characterization

Step (3)
Figure 16: Membrane Synthesis Process. Schematic diagram of CP/PTFE Composite
Membranes Laboratory Synthesis Process: Step (1) Membrane Wetting, Step (2)
Membrane Reaction, Step (3) Membrane Drying
Step (1) of the synthesis process was to prepare the CaCl2 wetting solution in
order to be used in the wetting of the PTFE surface. Even though CaCl2 dissolves
readily in water, iso-propanol was also used as the wetting solvent because water has
a high surface tension with PTFE whereas iso-propanol appeared to fully moisten the
PTFE sheet and penetrate through the pores to the other side. Therefore, 1 mL of
distilled water was used along with 50 mL of iso-propanol to ensure all added CaCl2
dissolved in the solution. These amounts were chosen based on trial and error
experiment. The amounts of 50 mL iso-propanol and 1 mL water were chosen after
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trying different amounts starting from 100 mL for isopropanol and 2 mL for water with
gradual adjustments to reach the optimum quantities that were enough to wet the
membrane surface without any remaining solid particles in the glass flask. The amount
of CaCl2 was calculated and added in sufficient amount to fill in the PTFE pores. That
stoichiometric amount of CaCl2 was calculated using Equation (18):
3 CaCl2 + 2 H3PO4 = Ca3(PO4)2 + 6 HCl

(18)

Specified amounts of Glycerol (GLY), ionic liquids (ILs) were added to the
alcoholic solution. Different amounts of both materials were added to the solution, and
the mass fractions of GLY and ILs were a subject of the synthesis study. The solution
was then placed on a stirring hot plate until temperature reaches about 60℃ along with
continuous mixing via magnetic stirrer. This temperature was chosen as the boiling
point of iso-propanol is 82.5℃, so it was necessary to keep a temperature difference
to prevent any loss of the wetting solution. It was also assumed that operating the
experiment at this temperature would help in avoiding any particles clumping in the
solution. After preparing the wetting solution, a piece of PTFE sheet was cut, weighed,
and placed between two Teflon hoops. Then, the Teflon hoops were fixed to a SCK
300P spin coater, purchased from INSTRAS as seen in Figure 17. A quantity of 0.5
mL of the 60℃ wetting solution was introduced to the PTFE surface (if the amount
is more than this quantity, then will cause loss in solution) via a 3.0 mL medical
syringe, and then the spin coater was operated at 255 rpm for 45 s and gradually
increased to 3250 rpm to allow for the solution to distribute properly on the PTFE
surface at room temperature. The spin coater rpm speeds were specified based on trial
and error as well as the continuous observation of the initial runs. Controlling the rpm
speeds would impact on the thickness of the synthesized membranes. When the surface
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of the PTFE appeared to be dried, the hoops were flipped to wet the other side of the
PTFE surface, and the process was continued until the whole solution was finished.
Once the wetting process is completed, the membranes were immersed in 85%
H3PO4 (10 mL) for 24-48 hr to complete the reaction described in Equation (18).
Similarly, the amount of H3PO4 (10 mL) was chosen based on the observation results
obtained from reacting the materials separately in a test tube. Subsequently, the
membranes were rinsed gently with distilled water to remove the produced HCl, and
then dried in the oven for 8 hr at 93℃. These conditions were specified after several
observations. As less than 8 hr and 93℃ would not dry the membranes perfectly and
above these conditions the membranes would suffer from observed change in surface
stiffness. Finally, the membranes were removed from the hoops, weighed, thickness
measured using a digital Vernier and then kept in sealed plastic bags for further
characterization.

Figure 17: PTFE Sheet Teflon Hoops and Spin Coater. (a) PTFE Sheet Fixed between
the Teflon Hoops, and (b) SCK 300P Spin Coater with the Fixed Teflon Hoops
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3.1.3 Membrane Characterization
Since the objective of this work is to synthesize a novel, Nafion-free
membranes based on Calcium Phosphate (CP) and Ionic Liquids (ILs) with reasonable
characteristics for PEMFC applications at high and low temperature operations; this
section is devoted to describe the characterization techniques used to examine the
membranes characteristics.

3.1.3.1 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) test was conducted for the
synthesized membranes to evaluate their proton conductivity. Bio-Logic SP-200
potentiostat with the four-probe method and EC-Lab Software (V11.10) were used to
measure impedance data over a frequency of 100 Hz -7 MHz. The synthesized
membrane sample was fixed in a custom-made cell between two stainless steel
electrodes which are connected via crocodile wires to the SP-200 potentiostat as seen
in Figure 18. The impedance (Z) data was used to construct Nyquist plots, consist of
Zimg versus Zreal, from which the membrane bulk resistance (R), R here equals to Zreal,
was found from the intersection of the plot with the x-axis at the high frequency region
(fart lift corner of the plot). It was also verified via EC lab fitting tool to find the best
equivalent circuit model. Subsequently, R along with the measured membrane
thickness (t) and the cross sectional area of the electrochemical cell electrodes (A) were
plugged in Equation (19) below to find the membranes proton conductivity (σ) in (S
cm-1) [25,117].

𝜎=

𝑡
𝑅.𝐴

(19)
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Figure 18: Potentiostat and its Cell. (a) Custom-Made Cell Stainless Steel Electrodes,
and (b) SP-200 Potentiostat
3.1.3.2 X-Ray Diffraction (XRD)
To study the structure of the best synthesized membrane, X-ray diffraction
analyses was completed. XRD studies were helpful in identifying the interaction of the
CP/IL composite and in determining the crystallinity of the synthesised membranes.
Bruker D8 Advance model scintillation point detector and 1-D detector were used to
perform the XRD characterization.

3.1.3.3 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) was used to identify the
functional group(s) in the material as well as any intercalation within the structure of
the developed membrane. FTIR studies were conducted via PerkinElmer machine,
Spectrum One FT-IR Spectrometer over a wavelength range of 350– 7800 cm-1.

3.1.3.4 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) results were obtained to investigate the
structure morphology of the best membrane developed in the laboratory. SEM was
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performed via Tescan VEGA XMU, LaB6 filament, Oxford Instruments X-Max 50
SSD detector.

3.1.3.5 Energy-Dispersive X-ray Spectroscopy (EDS)
Energy-Dispersive X-ray Spectroscopy (EDS) analyses were conducted to
address the elemental analyses of the membrane surface. EDS was done using Tescan
VEGA XMU, LaB6 filament, Oxford Instruments X-Max 50 SSD detector.
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Chapter 4: Results and Discussion
In this study, four Ionic Liquids (ILs) were used in addition to Glycerol (GLY)
in order to investigate their effects on CP/PTFE composite membranes. ILs were added
in mass percentages of 0.3-3 wt.% while GLY was added in mass percentages of 0.20.6 wt.% Once the process completed and the membranes synthesized, proton
conductivities of those were measured via EIS. In addition to determination of best
mass composition of IL/GLY combination that gives the highest proton conductivity,
the study was supported by performing different membrane characterizations like
FTIR and XRD.

4.1 EIS Results and Discussion
4.1.1 Pure Membrane Results (No IL and No GLY)
Figure 19 shows the Nyquist Plot obtained by EIS for CP/PTFE membrane
with no ILs and no GLY incorporation (i.e. pure membrane). As explained in section
3.2.3-a, the R value was found from the intercept of the high frequency region with the
x-axis as well as the Z-fitting tool in the EC-Lab Software (V11.10). The membrane
bulk resistance, R, was found to be 14.8 ohm and by plugging into Equation (13), the
proton conductivity was 9.58 × 10-4 S cm-1. The linear behavior in Figure 19 indicates
that the charge transfer is controlled by diffusion [25,117]. Pure PTFE material is
considered an insulator with very low proton conductivity up to 10-13 S cm-1 [25]. This
multiple order of magnitude improvement in the protonic conductivity might be
explained due to the ability of CP to form three-dimensional channels within the
membrane structure allowing more paths for more proton transfer [31].
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Figure 19: Nyquist Plot of Pure CP/PTFE: Membranes with no ILs and no
GLY (R=14.8 Ohm)
4.1.2 The Addition of Glycerol Results
The effect of glycerol (GLY) addition to CP/PTFE composites was studied
with GLY mass fractions ranging from 0.2-0.6 wt.% as shown in Figure 20 and Table
3. The maximum proton conductivity of the GLY/CP/PTFE composite was 2.56 × 103

S cm-1 with membrane bulk resistance (R) equal to 9.82 ohm as shown in Figure 21.

This was found at a GLY content of 0.2 wt.%.
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Figure 20: Effect of GLY wt.% on CP/PTFE
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Table 3: The Proton Conductivities of IL-free Produced Membranes varying GLY
wt% at Room Temperature
Membrane
The % is by weight

GLY wt.%

R (Ohm)

σ (S cm-1)

CP/PTFE

0.0%

14.8

9.58 × 10-4

0.2%GLY/CP/PTFE

0.2%

9.82

2.56 × 10-3

0.4%GLY/CP/PTFE

0.4%

33.18

4.74 × 10-4

0.6%GLY/CP/PTFE

0.6%

30.15

5.73 × 10-4
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Figure 21: Nyquist Plot with Glycerol Only: CP/PTFE Membrane with 0.2 wt.% GLY
and no ILs (R=9.82 Ohm)
The increase in conductivity observed when GLY was added can be explained
due to the presence of the OH- groups as well as its hydrophilic nature that enhanced
proton conduction [25,27]. It is known that protons transfer via the Grotthuss or
hopping mechanism, in which they hop from one molecule to another using OHgroups [25,33,118].

47
4.1.3 The Addition of Ionic Liquids Results

4.1.3.1 Effect of ILs Content at the Optimum GLY Content
After identifying the optimal GLY content, various mass percentages, 0.3-3
wt.%, of the four ionic liquids, mentioned previously in Table 2, were further
examined and incorporated within the CP/PTFE composite matrix and the membranes
were evaluated for their conductivity.
At fixed 0.2 wt.% of GLY, Diethylmethylammonium Methanesulfonate ionic
liquid, abbreviated [DMEA][OMS], was incorporated with mass percentages ranging from
0.3-2 wt.% for the purpose to find the best optimum combination. The results are presented in

Figure 22 and Figure 23. First, the proton conductivity was studied when [DMEA][OMS] IL
content was varied from 0.3-2.0 wt.% with fixed 0.2 wt.% GLY. The results are shown in
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Figure 22: Conductivity versus [DMEA][OMS] wt.%: Composite Membranes
Containing Different [DMEA][OMS] IL wt.% at Fixed 0.2 wt.% of GLY
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It can be clearly seen that the conductivity increased as the amount of IL
increased, then sharply decreased. The maximum proton conductivity was 1.77 × 102 S cm-1 at 0.6 wt.%. Figure 23 below summarizes the values of proton conductivity
of the 0.2 wt.% glycerol-based membranes for the four used ionic liquids in this study.
The impact of the IL wt.% was assessed in these membranes. The detailed results of
the study are given in Table 4.
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Figure 23: Conductivities versus Ionic Liquids %wt.: Data at Optimum 0.2 wt.% of
Glycerol for different Ionic Liquids (IL/0.2%GLY/CP/PTFE)
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Table 4: Proton conductivities at 0.2 wt.% GLY and different IL wt.% at room
temperature
Membrane (The % is by weight)
IL wt.%
σ (S cm-1)
Diethylmethylammonium Methanesulfonate [DMEA][OMS]
0.2%GLY/CP/PTFE
0.3%[DMEA][OMS]/0.2%GLY/CP/PTFE
0.6%[DMEA][OMS]/0.2%GLY/CP/PTFE
1.0%[DMEA][OMS]/0.2%GLY/CP/PTFE
2.0%[DMEA][OMS]/0.2%GLY/CP/PTFE

0.0%
0.3%
0.6%
1.0%
2.0%

2.56 × 10-3
2.00 × 10-3
1.77 × 10-2
1.22 × 10-2
7.09 × 10-3

1-Hexyl-3-methylimidazolium tricyanomethanide [HMIM][C4N3-]
0.2%GLY/CP/PTFE
0.3%[HMIM][C4N3-]/0.2%GLY/CP/PTFE
0.6%[HMIM][C4N3-]/0.2%GLY/CP/PTFE
1.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE
2.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE
3.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

0.0%
0.3%
0.6%
1.0%
2.0%
3.0%

2.56 × 10-3
1.92 × 10-2
2.87 × 10-2
4.81 × 10-2
1.00 × 10-1
2.94 × 10-3

1-Ethyl-3-methylimidazolium methanesulfonate [EMIM][CH3O3S-]
0.2%GLY/CP/PTFE
0.3%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE
0.6%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE
1.0%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE

0.0%
0.3%
0.6%
1.0%

2.56 × 10-3
5.01 × 10-4
2.11 × 10-3
1.87 × 10-3

1-Butyl-3-methylimidazolium dicyanamide [BMIM][DCA]
0.2%GLY/CP/PTFE
0.3%[BMIM][DCA]/0.2%GLY/CP/PTFE
0.6%[BMIM][DCA]/0.2%GLY/CP/PTFE
1.0%[BMIM][DCA]/0.2%GLY/CP/PTFE

0.0%
0.3%
0.6%
1.0%

2.56 × 10-3
2.74 × 10-3
1.53 × 10-2
1.84 × 10-4

From Figure 23 and Table 4, the highest proton conductivity of 0.1 S cm-1 at
2.0 wt.% of IL was obtained for the ionic liquid [HMIM][C4N3-] while the second
highest value ( i.e. 1.77 × 10-2 S cm-1) was reported for the ionic liquid 0.6 wt.% of
[DMEA][OMS]. In general, all ionic liquids showed a reasonable improvement in
conductivity except [EMIM][CH3O3S-]. The latter ionic liquid almost showed no
effect when compared to pure membranes.

4.1.3.2 Effect of GLY Content at the Optimum ILs Content
The optimum mass fractions, as determined in Section 4.1.3-a, for all ionic
liquids were used as a reference for addressing the effect of GLY content. For example,
in the [DMEA][OMS] IL based membranes, the mass fraction was fixed at 0.6 wt%
IL, and subsequently the GLY content was varied from 0.2% to 0.6% as in Figure 24.
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Figure 24: [DMEA][OMS] Conductivity versus GLY wt.%: Proton Conductivity of
Composite Membranes at Fixed 0.6 wt.% [DMEA][OMS] Varied with GLY wt.%
As shown in Figure 24 while vary GLY wt.%, the highest conductivity of
[DMEA][OMS]/GLY/CP/PTFE composite membrane was 1.77 × 10-2 S cm-1 and
obtained at 0.6 wt.% of IL and 0.2 wt.% of GLY. Increasing GLY mass fraction
beyond this value decreased the proton conductivity. The membrane bulk resistance
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for this IL best combination was 1.42 Ohm as indicated in Figure 25.
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Similar procedures had been followed for the rest of ionic liquids and the
corresponding conductivity results of the synthesized membranes were determined.
Details of the studies are presented in the Appendix: Summary of the results of the
four ILs at their optimum composition and different glycerol mass percentages are
presented in Table 5, and shown in Figure 26.
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Figure 26: IL Conductivities versus Glycerol wt.%: Proton Conductivity of Composite
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Table 5: Proton conductivities at ILs Opt. wt.% and different GLY wt.% at room
temperature
Membrane (The % is by weight)

GLY wt.%

σ (S cm-1)

Diethylmethylammonium Methanesulfonate [DMEA][OMS]
CP/PTFE
0.6%[DMEA][OMS]/0.2%GLY/CP/PTFE
0.6%[DMEA][OMS]/0.4%GLY/CP/PTFE

0.0%
0.2%
0.4%

9.58 × 10-4
1.77 × 10-2
2.96 × 10-3

0.6%[DMEA][OMS]/0.6%GLY/CP/PTFE

0.6%

1.59 × 10-3

1-Hexyl-3-methylimidazolium tricyanomethanide [HMIM][C4N3-]
CP/PTFE
2.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE
2.0%[HMIM][C4N3-]/0.4%GLY/CP/PTFE

0.0%
0.2%
0.4%

9.58 × 10-4
1.00 × 10-1
1.49 × 10-2

1-Ethyl-3-methylimidazolium methanesulfonate [EMIM][CH3O3S-]
CP/PTFE
0.6%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE
0.6%[EMIM][CH3O3S]/0.4%GLY/CP/PTFE
0.6%[EMIM][CH3O3S]/0.6%GLY/CP/PTFE

0.0%
0.2%
0.4%
0.6%

9.58 × 10-4
2.11 × 10-3
3.01 × 10-3
5.01 × 10-3

1-Butyl-3-methylimidazolium dicyanamide [BMIM][DCA]
CP/PTFE
0.6%[BMIM][DCA]/0.2%GLY/CP/PTFE
0.6%[BMIM][DCA]/0.4%GLY/CP/PTFE
0.6%[BMIM][DCA]/0.6%GLY/CP/PTFE

0.0%
0.2%
0.4%
0.6%

9.58 × 10-4
1.53 × 10-2
6.84 × 10-4
6.42 × 10-3

It can be observed from Figure 26 and Table 5 that increasing the glycerol
content above its optimum (i.e. 0.2 wt.%) decreased the conductivity of the
IL/GLY/CP/PTFE in all ionic liquids except for [EMIM][CH3O3S -] IL. This ionic
liquid showed a negligible increase in conductivity as more glycerol was added. The
results here, generally, confirmed what was performed in Section 4.1.1 Pure
Membrane Results (No IL and No GLY) as the optimum glycerol content for the
IL/GLY/CP/PTFE membranes would be 0.2 wt.%. Also, the results somehow proved
the reproducibility of the date under different scenario.
All EIS results presented previously are combined in Table 6 below which
shows the composition, bulk resistances, and conductivities of all synthesized
membranes.
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Table 6: Parametric study on conductivities of synthesized membranes at room
temperature
Membrane (The % is by weight)

GLY wt.%

IL wt.%

R (Ohm)

σ (S cm-1)

Reference Membranes
CP/PTFE

0.0%

0.0%

14.8

9.58 × 10-4

0.2%GLY/CP/PTFE

0.2%

0.0%

9.82

2.56 × 10-3

0.4%GLY/CP/PTFE

0.4%

0.0%

33.18

4.74 × 10-4

0.6%GLY/CP/PTFE

0.6%

0.0%

30.15

5.73 × 10-4

Diethylmethylammonium Methanesulfonate [DMEA][OMS]
0.3%[DMEA][OMS]/0.2%GLY/CP/PTFE

0.2%

0.3%

15.7

2.00 × 10-3

0.6%[DMEA][OMS]/0.2%GLY/CP/PTFE

0.2%

0.6%

1.42

1.77 × 10-2

1.0%[DMEA][OMS]/0.2%GLY/CP/PTFE

0.2%

1.0%

1.81

1.22 × 10-2

2.0%[DMEA][OMS]/0.2%GLY/CP/PTFE

0.2%

2.0%

2.88

7.09 × 10-3

0.6%[DMEA][OMS]/0.4%GLY/CP/PTFE

0.4%

0.6%

5.3

2.96 × 10-3

0.6%[DMEA][OMS]/0.6%GLY/CP/PTFE

0.6%

0.6%

8.87

1.59 × 10-3

1-Hexyl-3-methylimidazolium tricyanomethanide [HMIM][C4N3-]
0.3%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

0.2%

0.3%

1.39

1.92 × 10-2

0.6%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

0.2%

0.6%

0.71

2.87 × 10-2

1.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

0.2%

1.0%

0.62

4.81 × 10-2

2.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

0.2%

2.0%

0.29

1.00 × 10-1

3.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

0.2%

3.0%

8.57

2.94 × 10-3

2.0%[HMIM][C4N3-]/0.4%GLY/CP/PTFE

0.4%

2.0%

1.69

1.49 × 10-2

1-Ethyl-3-methylimidazolium methanesulfonate [EMIM][CH3O3S-]
0.3%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE

0.2%

0.3%

82.61

5.01 × 10-4

0.6%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE

0.2%

0.6%

9.93

2.11 × 10-3

1.0%[EMIM][CH3O3S]/0.2%GLY/CP/PTFE

0.2%

1.0%

17.33

1.87 × 10-3

0.6%[EMIM][CH3O3S]/0.4%GLY/CP/PTFE

0.4%

0.6%

5.58

3.01 × 10-3

0.6%[EMIM][CH3O3S]/0.6%GLY/CP/PTFE

0.6%

0.6%

5.02

5.01 × 10-3

1-Butyl-3-methylimidazolium dicyanamide [BMIM][DCA]
0.3%[BMIM][DCA]/0.2%GLY/CP/PTFE

0.2%

0.3%

8.59

2.74 × 10-3

0.6%[BMIM][DCA]/0.2%GLY/CP/PTFE

0.2%

0.6%

1.75

1.53 × 10-2

1.0%[BMIM][DCA]/0.2%GLY/CP/PTFE

0.2%

1.0%

94

1.84 × 10-4

0.6%[BMIM][DCA]/0.4%GLY/CP/PTFE

0.4%

0.6%

39

6.84 × 10-4

0.6%[BMIM][DCA]/0.6%GLY/CP/PTFE

0.6%

0.6%

4.65

6.42 × 10-3
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Table 6 shows a parametric study on the proton conductivities obtained in this
work for the four ionic liquids investigated in comparison to non-ionic liquids
membranes. The mass percentages of IL and GLY were varied as it can be seen in the
table, and the corresponding proton conductivity was calculated for the synthesized
membranes. Based on results presented in the table, it can be observed that when the
GLY content was varied from 0.2-0.6 wt.% in the CP/PTFE membrane; the best proton
conductivity was obtained for a GLY content of 0.2% ( =2.56 × 10-3 S cm-1).
Accordingly, the GLY mass percentage was kept constant at this value for the
subsequent IL studies. While for ILs, the IL mass percentage was varied from 0.3 to
3.0%. Then, when the best combination of mass percentages was obtained at fixed
0.2% GLY, the experiments were performed again but now by varying the GLY
content from 0.2-0.6%wt to address the impact of GLY for the IL mass fraction
providing the highest conductivity. Upon the experimental results shown in Table 6,
the best two conducting membranes were found to be the ones in which
[DMEA][OMS] and [HMIM][C4N3-] ILs were incorporated in the GLY/CP/PTFE
membranes. The highest proton conductivity ( =1.77 × 10-2 S cm-1) of
[DMEA][OMS] based membranes was obtained experimentally for the 0.6 wt.% IL
and 0.2 wt.% GLY while the highest proton conductivity ( =1.00 × 10-1 S cm-1) of
[HMIM][C4N3-] based membranes was obtained with the membrane that had 2.0 wt.%
IL and 0.2 wt.% GLY.
4.1.4 High Temperature EIS Analysis
This best conducting membranes from previous sections were therefore
processed at high temperature and completely anhydrous conditions for 40 min. The
anhydrous proton conductivity of the [DMEA][OMS]/GLY/CP/PTFE composite was
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5.28 × 10-4 S cm-1 at 200◦C while for the [HMIM][C4N3-]/GLY/CP/PTFE composite
was 3.14 × 10-3 S cm-at 200◦C. The best conductive composites membranes data are
summarized in Table 7 and compared in Figure 27.

Table 7: Summary of the best performing membranes conductivities
Membrane
Temperature GLY
IL
The % is by weight
(℃)
wt.% wt.%
Reference Membranes (For Comparison)

R
(Ohm)

σ (S cm-1)

0.0%

14.8

9.58 × 10-4

0.2%GLY/CP/PTFE
25℃
0.2% 0.0%
Best Ionic Liquid/GLY Combination
0.6%[DMEA][OMS]/0.2%GLY/CP/PTFE
25℃
0.2% 0.6%
200 ℃
and
0.6%[DMEA][OMS]/0.2%GLY/CP/PTFE
completely
0.2% 0.6%
anhydrous
conditions

9.82

2.56 × 10-3

1.42

1.77 × 10-2

47.6

5.28 × 10-4

25℃

CP/PTFE

0.0%

25℃

0.2%

2.0%

0.29

1.00 × 10-1

2.0%[HMIM][C4N3-]/0.2GLY/CP/PTFE

200℃
and
completely
anhydrous
conditions

0.2%

2.0%

9.0

3.14 × 10-3

at T= 25℃

100
80

Drp in Conductivity

Proton Conductivity (S/cm x 10-3 )

2.0%[HMIM][C4N3-]/0.2%GLY/CP/PTFE

60
at T= 25℃

40
20

at T= 200℃

at T= 200℃

0
0.0

0.5

1.0
IL wt.%

1.5

2.0

[DMEA][OMS] Membrane (25℃)

[DMEA][OMS] Membrane (200℃)

[HMIM][C4N3-] Membrane (200℃)

[HMIM][C4N3-] Membrane (25℃)

Figure 27: Conductivities Comparison at Different (T℃): Best Conducting
Membranes Conductivities Comparison at 25℃ and 200℃

56
Compared to the recent literature, the IL based membranes conductivities
presented in Table 7 and in Figure 27 appear to be competitive. For example, Ya et al.
reported a maximum conductivity in the order of 10-4 S cm-1 at 170℃ and anhydrous
conditions for heteropolyacid-based membranes [119]. Xie et al. reported an
imidazolium hydrogen sulphate based membrane with an anhydrous conductivity of
2.8 × 10–4 S cm–1 at 150 °C [120]. Danyliv et. al. [85] studied the proton conductivity
of imidazolium based membranes with two ionic liquids, N-ethylimidazolium
trifluoromethylsulfonate and N-ethylimidazolium bis(trifluoromethylsulfonyl)imide,
at elevated temperature around 150℃ which gave a proton conductivity in the range
of 10-3– 0-4 S cm-1. Their results seem to be similar to the proton conductivity obtained
in this study for [HMIM][C4N3-] at 200℃. Another work by Zhang et. al. [121] used
a protic ionic liquid with Nafion based membrane to obtain a comparable proton
conductivity of 14.7 × 10-3 S cm-1 at 140℃. Hooshyari et al. [122] synthesized
Polybenzimidazole (PBI) based membrane containing 1,3-di(3-methylimidazolium)
propane bis (trifluoromethylsulfonyl) imide and found the proton conductivity to be
8.1 × 10-2 S cm-1 at 140℃. Lv et al. [123] reported the conductivity of PBI based
membrane doped in zirconium phytate to be 1.2 × 10-2 cm-1 at 140℃.
In general, the enhancement in proton conductivity as observed from the results
obtained from all ILs/GLY/CP/PTFE membranes showed a possible interaction among
the different components. As anticipated, the best proton conducting membranes were
the ones in which protic ILs were incorporated. Protic ILs are known as hydrogen bond
donors, thus their existence in the membranes’ matrix along CP and GLY help to
reasonably enhance the proton conductivity at low and high temperatures. The
availability of three proton conducting materials, CP, IL and GLY, within the
membranes structure can provide more proton pathways, and thus increase the protonic
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conductivity. [10,25,27,98,124] Also, the hydrophilic properties of ILs along with
GLY ability to absorb moisture can explain this enhancement in proton conductivity.
At low temperature, 25℃ in this work, ILs and GLY would help the protons to migrate
via the proton vehicle mechanism in which protons are transported via hydrated ions
such as H3O+ coming from water molecules absorbed by this combination of materials
[97]. While at higher temperature, 200℃, the protons might migrate via the hopping
mechanism due to the ability of these materials to form hydrogen bonds.

4.2 XRD Results and Discussion
For more investigation on the interaction between the different components
within the membrane, XRD study was performed on the best conductive membrane
(i.e. membrane with highest proton conductivity) for [HMIM][C4N3-]/GLY/CP/PTFE
combination at room temperature. The results are shown in Figure 28. The figure
shows the XRD analysis for the best conductive membrane [HMIM][C4N3]/GLY/CP/PTFE (2.0 wt.% IL, 0.2 wt% GLY) compared to the pure membrane (i.e.
free IL membrane) GLY/CP/PTFE. In Figure 28 (a), the XRD spectra for these
synthesized membranes are showing two intense peaks at 2o of 17.6 for the IL-based
membrane and 2o of 17.9 for the pure one. These two sharp peaks are characteristics
of the PTFE structure [10,27,125]. As per the figure, the intense peak of the IL-based
membrane is shifted to the left in comparison to the pure membrane. This can be
explained using the Bragg formula:

𝑑=

𝜆
2∗sin(𝜃)

(20)

Where 𝑑 is the lattice d-spacing, 𝜆 the wavelength of X-ray beams and 𝜃 is the
angle of incidence [28]. According to Bragg’s law, the above results possibly mean
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IL-based membrane has a larger d-spacing compared to the pure membrane. Also, in
Figure 28 (a and d), it can be observed that the IL-based membrane relatively has larger
d-spacing than the pure one. Larger d-spacing would support the intercalation concept
as result of IL incorporation within the sample which possibly an indication of space
increase between the layers of the membrane matrix [10,28].
Another observation from the XRD can be obtained from the zoomed Figures
29 (b), 29 (c) and 29 (d) which show less sharp peaks for the IL-based membrane in
comparison to the pure ones. A less intense peak indicates a loss of crystallinity
structure (i.e. becoming amorphous). In the literature, the loss of crystallinity is
reported upon the introduction of more water molecules which possibly may be due to
the hydrophilicity of the introduced IL which could explain the enhancement in proton
conductivity by two orders (i.e. from 10-3 to 10-1 S cm-1) [126]. Figure 28 (b and c)
show peaks for all synthesized membranes at 2o of 7.4 and at 2o of 10.1. These peaks
are characteristics of calcium phosphate as mentioned in literature [127]. Figure 28 (c)
shows that the peak at 2o of 10.1 is almost absent when the IL component was
introduced. This could be attributed to a major change in the crystal structure for CP,
like intercalation of these molecules in between the phosphate layers [28,127]. The
appearance of less intense peaks in pictures (d) is also an indication of a change in the
interlayer distance due to the interaction between the CP-IL material as well as change
in the structure due to loss of crystallinity.
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Figure 28: XRD Results for Best Performing Membrane: [HMIM][C4N3]/GLY/CP/PTFE (2.0 wt.% IL and 0.2 wt.% GLY) and 0.2%GLY/CP/PTFE
membranes. (a) XRD overall picture (b) Peaks in the range of 6.5-7.9 2o (c) Peaks in
the range of 9.8-11 2o (d) Peaks in the range of 22-24.5 2o
4.3 FTIR Results and Discussion
The FTIR results of the best performing membranes are shown below in Figure
29. The peaks at 500 cm-1 and 624 cm-1 represent phosphate bands which are
characteristic of calcium phosphate [128]. Moreover, it can be observed that these
bands are highly intense for the pure membrane when compared to the IL-based
membrane. The regions denoted “a” and “b” , 960-1230 cm-1, are an indication of
vibrational stretches of the PO4 groups [28]. It is observed that the region “a” of the
IL-based membrane is wider and less intense compared to region “b” in the pure one.
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This could be an indication of the intercalation of ILs within the CP structure. The
bands at 1365 cm-1 and at 2330 cm-1 represent C-H bending mode [129]. Another
interesting region is observed at 1620 cm-1 and denoted by “c” and “d” for both
membranes. The visibility of peaks at 1620 cm-1 is a characteristic of O-H bending in
the IL based membrane and might be a possible sign of more water molecules absorbed
within the membrane’s structures [129,130]. A smooth bend can be noticed at 2330
cm-1 for the IL-based membrane which is an indication of C-H alkyl groups while this
bend is not observed in the pure membrane. This might be attributed to the presence
of the IL component in these membranes.
The pure membrane showed small peaks at 2920 cm-1 while these peaks
disappeared for IL-based membrane. This disappearance may be a sign of intercalation
between IL molecules and CP interlayer. At 3580 cm-1, the peaks in all membranes
represent an O-H stretch. This stretch is more intense for IL-based membrane
compared to the pure one. This increase in the peaks intensity of the modified
membrane (i.e. IL-based) is an indication of trapped water molecule within the layers
[28,129]. These results are in agreement with observations in XRD pattern that showed
amorphous regions within the [HMIM] IL-based membranes. It is reported that
amorphous materials trap more water molecules within their structure [126]. The
FTIR results appear to be in agreement with the XRD results in terms of changes in
the structure as well as the water content of the membranes. This is denoted by trapped
water molecules within the ILs based membranes structures.
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Figure 29: FTIR Results for Best Performing Membrane: Comparison between Pure
Membrane and Best IL-Based Membrane
4.4 SEM Results and Discussion
Figure 30 shows the surface structure of the IL-free (0.2 wt.% GLY)/CP/PTFE
membrane. It can be noticed from Figure 30 (a) that few of the PTFE pores are empty.
In Figure 30 (a), some smooth places along with rough ones can be seen in the
structure. Figure 30 (b) shows very small particles in the range of (30-500 nm) along
with some spherical shape particles (15-30 nm) to appear at the upper center of the
figure. This nano-size particle penetration could be the reason for the enhancement in
the proton conductivity. Figure 31 shows the surface structure of the best conducting
membrane (i.e. [HMIM][C4N3-]/GLY/CP/PTFE (2.0 wt.% IL and 0.2 wt.% GLY)).
The SEM image in Figure 31 (a) shows the empty PTFE pores in agreement with SEM
results of IL-free membrane. Figure 31 (a) shows rough amorphous agglomerated
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particles that formed within the PTFE pores. This possibly would be the first evident
of change in morphology due to the addition of ionic liquids. With higher
magnification, Figure 31 (b) shows a clearer change in morphology as the surface
looks like more amorphous than the free ionic liquid membrane surface. Additionally,
the nano-size amorphous like particles are in the range of (8 – 13 nm). The formation
of nano-size particles is a possible indication of the intercalation concept as well as the
good penetration of the material within the PTFE pores. All the latter can possibly
explain the enhancement in proton conductivity from 10-3 S cm-1 to 10-1 S cm-1.
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a

b

Figure 30: SEM Images of the Pure Sample: Images of (0.2 wt.% GLY, No IL) at
Different Magnifications. (a) at 50 000 x, and (b) at 120 000 x
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a

b

Figure 31: SEM Images of the [HMIM][C4N3-]-Membrane: Images of
[HMIM][C4N3]/GLY/CP/PTFE (2.0 wt.% IL and 0.2 wt.% GLY) at Different
Magnifications. (a) at 20 000 x, and (b) at 156 250 x
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4.5 EDS Results and Discussion
In order to confirm the formation of the CP within the matrix pores, an EDS
analysis was performed. Figure 32 and Figure 33 present the elemental analysis of the
pure and the IL-based membranes, respectively. As can be observed in Figure 32, the
presence of phosphorus, calcium and oxygen is an indication of the presence of
calcium phosphate and glycerol within the IL-free developed membrane sample. The
observed atomic ratio of Ca/P from EDS is about 1.2 and it is close to the theoretical
atomic ratio of Ca/P (i.e. Ca3(PO4)2 = Ca/P = 3/2 = 1.5). While in the IL-based
developed membrane, the EDS results in Figure 33 show no presence of Ca. This may
be possibly explained via the overlap of Ca peaks with other elements like Au, by the
very low concentration of Ca within the sample (i.e. less than 0.1 wt.%) which cannot
be detected, or can be explained by the maximum channel count which was too high
to eliminate the peaks of the low concentration elements [131,132]. However, the
presence of phosphorus and oxygen within the IL-based membrane is a confirmation
of the formation of calcium phosphate since it is the only source of phosphorus in the
membrane matrix. In general, these results seem to be in agreement with the XRD
results that showed the presence of CP via the appearance of new peaks at 2o of 7.4
and at 2o of 10.1, refer to Figure 28 (b and c) for comparison. Furthermore, two large
fluorine (F) intense peaks can be observed from the two EDS results. The two peaks
are an indication of less coverage of the PTFE surface which is in agreement with the
SEM images [33]. Both EDS figures show the presence of Au, resulting from the
coating to improve the analyses, and also show the Cu, possibly a contaminant.
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Figure 32: EDS Result of the Pure Sample: Data of (0.2 wt.% GLY, No IL)
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Figure 33: EDS Results of the
[HMIM][C4N3-]-Membrane:
[HMIM][C4N3]/GLY/CP/PTFE (2.0 wt.% IL and 0.2 wt.% GLY)

Data

of
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Chapter 5: Conclusion and Future Work
5.1 Conclusion
In this work, Calcium Phosphate (CP) based membranes were synthesized and
developed via spin coating technique in the presence of four hydrophilic Ionic Liquids
(ILs), Glycerol (GLY) and supported on polytetrafluoroethylene (PTFE) films. The
aim was to prepare the best GLY/IL/CP/PTFE combination that would give reasonably
high proton conductivity (at low and high temperatures) and good characteristics to be
employed in high temperature proton exchange fuel cells as an alternative to Nafion.
Four ionic liquids were used in this study, namely: 1-Ethyl-3-methylimidazolium
methanesulfonate [EMIM][CH3O3S-], 1-Butyl-3-methylimidazolium dicyanamide
[BMIM][DCA], Diethylmethylammonium Methanesulfonate [DMEA][OMS], and 1Hexyl-3-methylimidazolium tricyanomethanide [HMIM][C4N3-].
At room temperature, the effect of CP was first determined for a synthesized
sample with no ILs and GLY, and then its proton conductivity was measured and
compared to pure PTFE which resulted a proton conductivity enhancement by multiple
orders of magnitude (10-13 to 10-4 S cm-1). The addition of GLY to the CP/PTFE
composite was also studied. At 0.2 wt.% of GLY, the conductivity was enhanced by
one order of magnitude compared to the pure CP/PTFE (i.e. 10-4 to 10-3 S cm-1). The
four ILs were incorporated at various compositions along with the 0.2 wt.% GLY to
determine their effects on the conductivity. First, the IL component was varied at a
fixed GLY content. Then, the GLY content was varied as a function with the IL
component wt.% Among these ILs, the two protic ILs-based membranes,
[DMEA][OMS] and [HMIM][C4N3-], gave the highest proton conductivity (10-2 and
10-1, respectively). This can be possibly explained due to the ability of protic ionic
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liquids to form hydrogen bonds, thus, providing more proton pathways. The best
performing membranes were then processed at 200℃ and fully dry conditions. The
proton conductivities decreased to reach 10-4 S cm-1 for the [DMEA][OMS] IL-based
membrane and 10-3 for the [HMIM][C4N3-] IL-based membrane. As a result of the high
temperature analysis, the [HMIM][C4N3-] IL-based membrane was chosen for XRD
and FTIR analysis.
Overall, the work showed the ability to enhance the proton conductivity of pure
CP/PTFE composite membranes by the addition of the ionic liquids. This can be
possibly explained by the ability of CP to form proton paths with the ILs all within the
membrane matrix. When GLY was added to the CP/PTFE, the proton conductivity
was increased due to GLY ability to form hydrogen bonds as well as absorbing
moisture. In general, all ILs had a positive effect on the proton conductivity due to
their hydrophilicity, but protic ILs, compared to aprotic; gave the best conductivity
due to them being hydrogen bond donors. The XRD and FTIR results proved the high
proton conductivity obtained from [HMIM][C4N3-] IL-based membrane at room
temperature. The XRD results showed a change in the membrane structure from crystal
structure to the amorphous. This change possibly explains the high proton conductivity
as amorphous structure is known for trapping water molecules within the membrane
matrix. Also, an increase in the d-spacing can be noticed from the XRD of the
[HMIM][C4N3-] IL-based membrane, thus intercalation was achieved providing more
proton hopping sites and paths. Additionally, the FTIR results were in agreement with
the XRD results to prove the possible change in surface morphology. The different
changes in term of peaks intensities, in the IL-based membrane when compared to the
IL-free one, were observed in the FTIR results to support the intercalation of IL within
CP interlayers or as a sign of the trapped water molecules. Moreover, the SEM and
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EDS results confirmed the change in membranes structure and formation of CP within
its pores. This is consistent with the conductivity enhancement in the membrane. To
sum up, the improvement in proton conductivity resulted from:
1- CP ability to form proton paths.
2- CP amorphous structure which helped to trap water molecules.
3- IL hydrophilicity and protic properties which allow water absorption and
hydrogen bonding.
4- GLY ability to provide proton hopping sites via O-H bonds.
5- The intercalation of IL within CP layers providing more proton hopping
sites.
Finally, results obtained for the high temperature analysis, at 200℃, showed a
decrease in the proton conductivity of the IL-based membranes, but these results were
relatively better than the Nafion proton conductivity at this temperature and this would
be promising for high temperature applications. In general, the outcome of the current
work has significant added value since it resulted in finding a new combination of
materials to develop a more promising PEMFC membrane to possibly replace the
Nafion-based membrane with higher conductivity and lower fuel cell cost.

5.2 Recommendations for Future Work
This section is devoted to discuss the anticipated future work based on the
findings and the current obtained results of this study. Several possible directions of
the future studies are introduced shortly.
In this study, the developed membranes were analyzed at room temperature
and an average humidity of 40%, except for those membranes analyzed at relatively
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high temperature of 200℃ and at fully anhydrous conditions. The decrease of proton
conductivity at high temperature is not well understood. To investigate and understand
this behavior, it is recommended to characterize the high temperature processed
samples using XRD, FTIR, SEM, and TGA; and compare the analyses with those of
the room temperature characterized samples.
The current work did not emphasize on the mechanical properties of the
developed membranes. The stress-strain behavior is useful to identify membrane
internal mechanical structure, and it is recommended as a future work. The mechanical
stability of the developed membrane at the operated conditions is a key element in
achieving a good standing performance. Also, the synthesized samples glass transition
temperatures were not addressed here. The measurement of this temperature should be
taken into consideration as it helps to identify the actual working condition of the
membranes as well as identifying the start of change in the structure.
The SEM and EDS results presented in this work showed that some of the
membranes pores were still empty. Therefore, for similar future work, it is suggested
that the effect of porosity on the conductivity should be studied and clarified.
Few studies have addressed the relationship between the viscosity of ionic
liquid and ion conductivity. It is anticipated that lower IL viscosity would result in a
higher ion conductivity due to the ability of ions to transfer freely in the less viscous
liquids [133,134]. Even though the impact of the viscosities of IL involved in this work
were not addressed, however, by looking at Table 8 below, it can be noticed that for
the same ionic liquid family (i.e. Aprotic or Protic), the use of the lower viscosity IL
resulted in a higher proton conductivity. As a suggestion, it is recommended to study
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the effect of ionic liquid viscosity at different temperatures on the conductivities of the
developed membranes.
Table 8: Ionic liquids viscosity information
Protic/ Aprotic

Viscosity (cP at 25℃)

Conductivity (S cm-1)

[EMIM][CH3O3S ]

Aprotic

135

5.01 × 10-3

2

[BMIM][DCA]

Aprotic

33.4

1.53 × 10-2

3

[DMEA][OMS]

Protic

111

1.77 × 10-2

4

[HMIM][C4N3-]

Protic

39.2

1.00 × 10-1

#
1

Ionic Liquid
-

Even though tricalcium phosphate is used in this study, however there are other
forms of calcium phosphates which are promising and recommended for future use in
PEM synthesis, for example; hydrated CP and ceramic CP. Hydrated calcium
phosphates are expected to provide higher ionic conductivities than tricalcium
phosphate due to the presence of water molecules within its structure. While ceramic
calcium phosphates, known for their mechanical stability, could provide a stable
structure at high temperature, and thus maintain stable proton conductivity.
PTFE films was used as the backbone of all membranes synthesized in this
study. However, other polymers such as Sulfonated Poly (Ether Ether Ketone) SPEEK
or Polybenzimidazole (PBI) are attracting the attention due their chemical and thermal
stabilities. Therefore, preparing GLY/IL/CP using SPEEK or PBI polymers is highly
recommended for future studies.
The synthesized membranes must be tried in an actual fuel cell set up or at least
analyzed via simulation or modeling software that mimics the real fuel cell set up. This
would be helpful in understanding the strength of these membranes and improve the
weaknesses.
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Finally, the membrane synthesis process itself can be adjusted. Currently the
spin coating is used, but it would be very insightful to study the effect of synthesis
process itself on the membranes’ characteristics. As an example, classical methods
such as sintering, stretching and phase inversion, can be used. Also, the advanced
methods such as nanocomposite fabrication techniques like doping and self-assembly
of nanoparticles can be integrated to incorporate unique properties of nanomaterials
within polymer structure. Furthermore, the 3D printing could be used to re-synthesize
the developed membranes in this study.

74

References
[1]

R. Heinberg, "The party’s over: Oil, War and the Fate of Industrial Societies",
New Society, 2005.

[2]

K. Bithas and P. Kalimeris, “A Brief History of Energy Use in Human
Societies,” in Revisiting the Energy-Development Link, Springer, Cham, 2016,
pp. 5–11.

[3]

Nasa, “A Blanket Around Earth,” 2018. https://climate.nasa.gov/causes/
(accessed Dec. 23, 2018).

[4]

World Health Orignizaiton, “Air Pollution,” 2020. https://www.who.int/healthtopics/air-pollution#tab=tab_1 (accessed Nov. 15, 2020).

[5]

J. Walkowiak-Kulikowska, J. Wolska, and H. Koroniak, “Polymers application
in proton exchange membranes for fuel cells (PEMFCs),” Polym. Eng., vol. 2,
no. 8, pp. 1–34, Aug. 2017, doi: https://doi.org/10.1515/psr-2017-0018.

[6]

A. Kalathil, A. Raghavan, and B. Kandasubramanian, “Polymer Fuel Cell
Based on Polybenzimidazole Membrane: A Review,” Polym. Technol. Mater.,
vol. 58, no. 5, pp. 1–33, Jun. 2018, doi: 10.1080/03602559.2018.1482919.

[7]

F. Barbir, “PEM Fuel Cells,” in Engineering Materials and Processes, London:
Springer, 2006, pp. 27–51.

[8]

M. Ahmed and I. Dincer, “A review on methanol crossover in direct methanol
fuel cells: challenges and achievements,” Int. J. Energy Res., vol. 35, no. 14,
pp. 1213–1228, Nov. 2011, doi: 10.1002/er.1889.

[9]

M. Díaz, A. Ortiz, and I. Ortiz, “Progress in the use of ionic liquids as electrolyte
membranes in fuel cells,” J. Memb. Sci., vol. 469, pp. 379–396, Jul. 2014, doi:
10.1016/j.memsci.2014.06.033.

[10] A. Al-Othman et al., “Novel composite membrane based on zirconium
phosphate-ionic liquids for high temperature PEM fuel cells,” Int. J. Hydrogen
Energy, pp. 1–10, Mar. 2020, doi: 10.1016/j.ijhydene.2020.02.112.
[11] M. Granovskii, I. Dincer, and M. A. Rosen, “Economic and environmental
comparison of conventional, hybrid, electric and hydrogen fuel cell vehicles,”
J. Power Sources, vol. 159, no. 2, pp. 1186–1193, Jan. 2006, doi:
10.1016/j.jpowsour.2005.11.086.
[12] S. J. Hamrock and M. A. Yandrasits, “Proton Exchange Membranes for Fuel
Cell Applications,” J. Macromol. Sci. Part C Polym. Rev., vol. 46, no. 3, pp.
219–244, Sep. 2006, doi: 10.1080/15583720600796474.

75
[13] X. Sun, S. C. Simonsen, T. Norby, and A. Chatzitakis, “Composite membranes
for high temperature PEM fuel cells and electrolysers: A critical review,”
Membranes (Basel)., vol. 9, no. 7, pp. 1–46, Jul. 2019, doi:
10.3390/membranes9070083.
[14] V. Garaev, S. Pavlovica, I. Reinholds, and G. Vaivars, “Mechanical properties
and XRD of Nafion modified by 2-hydroxyethylammonium ionic liquids,” in
IOP Conference Series: Materials Science and Engineering, Dec. 2013, vol. 49,
no. 1, pp. 0–4, doi: 10.1088/1757-899X/49/1/012058.
[15] A. Baroutaji, J. G. Carton, M. Sajjia, and A. G. Olabi, “Materials in PEM Fuel
Cells,” Reference Module in Materials Science and Materials Engineering.
Elsevier, pp. 1–11, 2016, doi: 10.1016/B978-0-12-803581-8.04006-6.
[16] B. Viswanathan and M. Helen, “Is Nafion ® , the only Choice ?,” Bull. Catal.
India,
vol.
6,
pp.
50–66,
Jan.
2007.
Available:
https://www.researchgate.net/publication/267421388_Is_Nafion_R_the_only_
Choice.
[17] L. Liu, W. Chen, and Y. Li, “An overview of the proton conductivity of nafion
membranes through a statistical analysis,” J. Memb. Sci., vol. 504, pp. 1–9, Apr.
2016, doi: 10.1016/J.MEMSCI.2015.12.065.
[18] S. Shamim, K. Sudhakar, B. Choudhary, and J. Anwar, “A review on recent
advances in proton exchange membrane fuel cells: Materials, technology and
applications,” Adv. Appl. Sci. Res., vol. 6, no. 9, pp. 89–100, Oct. 2015.
Available:
https://www.researchgate.net/publication/282667480_A_review_on_recent_ad
vances_in_proton_exchange_membrane_fuel_cells_Materials_technology_an
d_applications.
[19] H. Mohammed, A. Al-Othman, P. Nancarrow, M. Tawalbeh, and M. El Haj
Assad, “Direct hydrocarbon fuel cells: A promising technology for improving
energy efficiency,” Energy, vol. 172, pp. 207–219, Jan. 2019, doi:
10.1016/j.energy.2019.01.105.
[20] S. J. Peighambardoust, S. Rowshanzamir, and M. Amjadi, “Review of the
proton exchange membranes for fuel cell applications,” Int. J. Hydrogen
Energy, vol. 35, no. 17, pp. 9349–9384, Jun. 2010, doi:
10.1016/j.ijhydene.2010.05.017.
[21] F. C. Teixeira et al., “New modified Nafion-bisphosphonic acid composite
membranes for enhanced proton conductivity and PEMFC performance,” Int.
J. Hydrogen Energy, pp. 1–10, Feb. 2020, doi: 10.1016/j.ijhydene.2020.01.212.

76
[22] Y. Wei et al., “Novel composite Nafion membranes modified with copper
phthalocyanine tetrasulfonic acid tetrasodium salt for fuel cell application,” J.
Mater., vol. 5, no. 2, pp. 252–257, Jan. 2019, doi: 10.1016/j.jmat.2019.01.006.
[23] N. Benipal, J. Qi, J. C. Gentile, and W. Li, “Direct glycerol fuel cell with
polytetrafluoroethylene (PTFE) thin film separator,” Renew. Energy, vol. 105,
pp. 647–655, Jan. 2017, doi: 10.1016/j.renene.2016.12.028.
[24] N. A. Zubir and A. F. Ismail, “Effect of sintering temperature on the
morphology and mechanical properties of PTFE membranes as a base substrate
for proton exchange membrane,” Stress Int. J. Biol. Stress, vol. 24, pp. 823–
831,
Nov.
2002.
Available:
https://www.researchgate.net/publication/26485517_Effect_of_sintering_temp
erature_on_the_morphology_and_mechanical_properties_of_PTFE_membran
es_as_a_base_substrate_for_proton_exchange_membrane.
[25] A. Al-Othman, A. Y. Tremblay, W. Pell, Y. Liu, B. A. Peppley, and M. Ternan,
“The effect of glycerol on the conductivity of Nafion-free ZrP/PTFE composite
membrane electrolytes for direct hydrocarbon fuel cells,” J. Power Sources, vol.
199, pp. 14–21, Oct. 2012, doi: 10.1016/j.jpowsour.2011.09.104.
[26] T.-L. L. Yu and H.-L. Lin, “Preparation of PBI/H3PO4-PTFE Composite
Membranes for High Temperature Fuel Cells,” Open Fuels Energy Sci. J., vol.
3,
no.
1,
pp.
1–7,
May
2010.
Available:
https://benthamopen.com/ABSTRACT/TOEFJ-3-1.
[27] A. Al-Othman et al., “A modified silicic acid (Si) and sulphuric acid (S)ZrP/PTFE/glycerol composite membrane for high temperature direct
hydrocarbon fuel cells,” J. Power Sources, vol. 224, no. May 2019, pp. 158–
167, 2013, doi: 10.1016/j.jpowsour.2012.09.067.
[28] H. Mohammed, A. Al-Othman, P. Nancarrow, Y. Elsayed, and M. Tawalbeh,
“Enhanced proton conduction in zirconium phosphate/ionic liquids materials
for high-temperature fuel cells,” Int. J. Hydrogen Energy, pp. 1–13, Oct. 2019,
doi: 10.1016/j.ijhydene.2019.09.118.
[29] X. Zhang, S. Yu, Q. Zhu, and L. Zhao, “Enhanced anhydrous proton
conductivity of SPEEK/IL composite membrane embedded with amino
functionalized mesoporous silica,” Int. J. Hydrogen Energy, vol. 44, no. 12, pp.
6148–6159, Feb. 2019, doi: 10.1016/j.ijhydene.2019.01.050.

77
[30] S. Wang, P. Sun, Z. Li, G. Liu, and X. Yin, “Comprehensive performance
enhancement of polybenzimidazole based high temperature proton exchange
membranes by doping with a novel intercalated proton conductor,” Int. J.
Hydrogen Energy, vol. 43, no. 21, pp. 9994–10003, May 2018, doi:
10.1016/j.ijhydene.2018.04.089.
[31] Y. S. Park and Y. Yamazaki, “Low methanol permeable and high protonconducting Nafion/calcium phosphate composite membrane for DMFC,” Solid
State Ionics, vol. 176, no. 11–12, pp. 1079–1089, Mar. 2005, doi:
10.1016/j.ssi.2004.12.012.
[32] S. E. Nam, K. H. Lee, Y. Kang, S. M. Park, and J. W. Lee, “Organic-inorganic
nanocomposite membranes as high temperature proton exchange membranes
for a direct dimethyl ether fuel cell application,” Sep. Sci. Technol., vol. 42, no.
13, pp. 2927–2945, Oct. 2007, doi: 10.1080/01496390701559936.
[33] A. Al-Othman, Y. Zhu, M. Tawalbeh, A. Y. Tremblay, and M. Ternan, “Proton
conductivity and morphology of new composite membranes based on zirconium
phosphates, phosphotungstic acid, and silicic acid for direct hydrocarbon fuel
cells applications,” J. Porous Mater., vol. 24, no. 3, pp. 721–729, Nov. 2016,
doi: 10.1007/s10934-016-0309-6.
[34] C. Miner and Dalton NN, “Glycerine: An Overview,” The Soap and Detergent
Association,
New
York,
1990.
Available:
https://www.aciscience.org/docs/Glycerine_-_an_overview.pdf.
[35] S. Foghmoes, T. Klemensø, K. Brodersen, J. J. Bentzen, and M. Della Negra,
“Citrate- and glycerol triesters as novel dual-functional dispersants and
plasticisers for ceramic processing,” Ceram. Int., vol. 44, no. 8, pp. 9132–9139,
Jun. 2018, doi: 10.1016/j.ceramint.2018.02.121.
[36] R. O’Hayre, S.-W. Cha, W. Colella, and F. B. Prinz, Fuel Cell Fundamentals.
Hoboken, NJ, USA: John Wiley & Sons, Inc, 2016.
[37] A. L. Dicks and D. A. J. Rand, Fuel Cell Systems Explained, vol. 53, no. 9.
Chichester: John Wiley & Sons, Inc, 2018.
[38] V. Hacker and S. Mitsushima, Eds., Fuel cells and hydrogen: From
fundamentals to applied research. Amsterdam: Elsevier, 2018.
[39] S. C. Singhal, “Solid oxide fuel cells for power generation,” Wiley Interdiscip.
Rev. Energy Environ., vol. 3, no. 2, pp. 179–194, Mar. 2014, doi:
10.1002/wene.96.
[40] C. Spiegel, “Fuel Cell Primer,” Fuel Cell Store, Mar. 13, 2018.
https://www.fuelcellstore.com/blog-section/fuel-cell-primer (accessed Aug. 08,
2020).

78
[41] S. T. Revankar and P. Majumdar, Fuel Cells: Principles Design and Analysis,
1st ed. CRC Press, 2016.
[42] P. Breeze, Fuel Cells. London: Academic Press - Elsevier, 2017.
[43] M. Tomas, I. S. Biswas, P. Gazdzicki, L. Kullova, and M. Schulze,
“Modification of gas diffusion layers properties to improve water
management,” Mater. Renew. Sustain. Energy, vol. 6, no. 4, pp. 1–9, Sep. 2017,
doi: 10.1007/s40243-017-0104-6.
[44] B. Abderezzak, “Introduction to Hydrogen Technology,” in Introduction to
Transfer Phenomena in PEM Fuel Cell, Britain: ISTE Press - Elsevier, 2018,
pp. 1–51
[45] T. W. Napporn, L. Karpenko-Jereb, B. Pichler, and V. Hacker, “Polymer
electrolyte fuel cells,” in Fuel Cells and Hydrogen: From Fundamentals to
Applied Research, V. Hacker and S. Mitsushima, Eds. Amsterdam: Elsevier,
2018, pp. 63–89
[46] R.-A. Felseghi, E. Carcadea, M. S. Raboaca, C. N. Trufin, and C. Filote,
“Hydrogen Fuel Cell Technology for the Sustainable Future of Stationary
Applications,” Energies, vol. 12, no. 23, p. 4593, Dec. 2019, doi:
10.3390/en12234593.
[47] Z. Salameh, “Energy Storage,” in Renewable Energy System Design, London:
Academic Press - Elsevier, 2014, pp. 201–298.
[48] S. Mekhilef, R. Saidur, and A. Safari, “Comparative study of different fuel cell
technologies,” Renew. Sustain. Energy Rev., vol. 16, no. 1, pp. 981–989, Jan.
2012, doi: 10.1016/j.rser.2011.09.020.
[49] S. Curtin and J. Gangi, “State of states: fuel cells in America 2017,” U.S.
Department
of
Energy,
2018.
Available:
https://www.energy.gov/eere/fuelcells/downloads/state-states-fuel-cellsamerica-2017.
[50] R. Q. Nafil and M. S. Majeed, “Fuel Cells as a Source of Green Energy,” in
Thermodynamics and Energy Engineering, P. Vizureanu, Ed. London:
IntechOpen, 2020, pp. 220–230.
[51] I. Staffell et al., “The role of hydrogen and fuel cells in the global energy
system,” Energy Environ. Sci., vol. 12, no. 2, pp. 463–491, 2019, doi:
10.1039/c8ee01157e.
[52] M. Faizal, L. S. Chuah, C. Lee, A. Hameed, J. Lee, and M. Shankar, “Review
of hydrogen fuel for internal combustion engines,” J. Mech. Eng. Res. Dev., vol.
42, no. 3, pp. 36–46, Apr. 2019, doi: 10.26480/jmerd.03.2019.35.46.

79

[53] M. Hemmat Esfe and M. Afrand, “A review on fuel cell types and the
application of nanofluid in their cooling,” J. Therm. Anal. Calorim., vol. 140,
no. 4, pp. 1633–1654, Oct. 2019, doi: 10.1007/s10973-019-08837-x.
[54] S. V. M. Guaitolini, I. Yahyaoui, J. F. Fardin, L. F. Encarnacao, and F. Tadeo,
“A review of fuel cell and energy cogeneration technologies,” in 2018 9th
International Renewable Energy Congress (IREC), Mar. 2018, no. Irec, pp. 1–
6, doi: 10.1109/IREC.2018.8362573.
[55] J. Collins, G. Gourdin, and D. Qu, “Modern Applications of Green Chemistry :
Renewable Energy,” in Green Chemistry, B. Török and T. Dransfield, Eds.
Amsterdam: Elsevier, 2018, pp. 771–860.
[56] A. Coralli, B. J. M. Sarruf, P. Emı, and V. De, “Fuel Cells,” in Science and
Engineering of Hydrogen-Based Energy Technologies, P. E. V. de Miranda, Ed.
London: Academic Press - Elsevier, 2019, pp. 39–122.
[57] A. Alaswad, A. Baroutaji, A. Rezk, M. Ramadan, and A. G. Olabi, “Advances
in Solid Oxide Fuel Cell Materials,” Reference Module in Materials Science
and Materials Engineering. Elsevier, pp. 1–7, 2020, doi: 10.1016/B978-0-12803581-8.11743-6.
[58] N. Sazali, W. N. Wan Salleh, A. S. Jamaludin, and M. N. Mhd Razali, “New
Perspectives on Fuel Cell Technology: A Brief Review,” Membranes (Basel).,
vol. 10, no. 5, p. 99, May 2020, doi: 10.3390/membranes10050099.
[59] Y. Lyu, J. Xie, D. Wang, and J. Wang, “Review of cell performance in solid
oxide fuel cells,” J. Mater. Sci., vol. 55, no. 17, pp. 7184–7207, Jun. 2020, doi:
10.1007/s10853-020-04497-7.
[60] S. A. Nabavi, M. Erans, and V. Manović, “Demonstration of a kW-scale solid
oxide fuel cell-calciner for power generation and production of calcined
materials,” Appl. Energy, vol. 255, pp. 1–8, Dec. 2019, doi:
10.1016/j.apenergy.2019.113731.
[61] P. Boldrin and N. P. Brandon, “Progress and outlook for solid oxide fuel cells
for transportation applications,” Nat. Catal., vol. 2, no. 7, pp. 571–577, Jul.
2019, doi: 10.1038/s41929-019-0310-y.
[62] R. Adzic and N. Marinkovic, “Electrochemical Energy Conversion in Fuel
Cells,” in Platinum Monolayer Electrocatalysts, Cham: Springer International
Publishing, 2020, pp. 19–25.

80
[63] M. Marefati and M. Mehrpooya, “Introducing and investigation of a combined
molten carbonate fuel cell, thermoelectric generator, linear fresnel solar
reflector and power turbine combined heating and power process,” J. Clean.
Prod., vol. 240, pp. 1–26, Aug. 2019, doi: 10.1016/j.jclepro.2019.118247.
[64] S. Samanta and S. Ghosh, “A thermo-economic analysis of repowering of a 250
MW coal fired power plant through integration of Molten Carbonate Fuel Cell
with carbon capture,” Int. J. Greenh. Gas Control, vol. 51, pp. 48–55, Aug.
2016, doi: 10.1016/j.ijggc.2016.04.021.
[65] D. Hart, F. Lehner, S. Jones, and J. Lewis, “The Fuel Cell Industry Review
2019,”
E4tech,
London,
2019.
Available:
https://www.californiahydrogen.org/wpcontent/uploads/2019/01/TheFuelCellIndustryReview2018.pdf.
[66] FuelCellToday,
“FCT-Fuel
Cell
Technologies-PAFC.”
http://www.fuelcelltoday.com/technologies/pafc (accessed Aug. 31, 2020).
[67] Office of Energy Efficiency & Renewable Energy, “Comparison of Fuel Cell
Technologies
|
Department
of
Energy,”
2016.
https://www.energy.gov/eere/fuelcells/comparison-fuel-cell-technologies
(accessed Aug. 31, 2020).
[68] G. Ramanjaneyulu and B. R. Reddy, “Emerging Trends of Microorganism in
the Production of Alternative Energy,” in Recent Developments in Applied
Microbiology and Biochemistry, V. Buddolla, Ed. London: Academic Press Elsevier, 2019, pp. 275–305.
[69] D. P. Clark and N. J. Pazdernik, “Environmental Biotechnology,” in
Biotechnology, 2nd ed., D. P. Clark and N. J. Pazdernik, Eds. London:
Academic Cell - Elsevier, 2016, pp. 393–418.
[70] Y. Sayan, V. Venkatesan, E. Guk, H. Wu, and J. S. Kim, “Single-step
fabrication of an anode supported planar single-chamber solid oxide fuel cell,”
Int. J. Appl. Ceram. Technol., vol. 15, no. 6, pp. 1375–1387, 2018, doi:
10.1111/ijac.13012.
[71] C. Wang et al., “Recent progress of metal-air batteries-A mini review,” Appl.
Sci., vol. 9, no. 14, pp. 1–22, Jul. 2019, doi: 10.3390/app9142787.
[72] Y. N. Sudhakar, M. Selvakumar, and D. K. Bhat, “Biopolymer Electrolytes for
Fuel Cell Applications,” in Biopolymer Electrolytes: Fundamentals and
Applications in Energy Storage, Y. N. Sudhakar, M. Selvakumar, and D. K.
Bhat, Eds. Amsterdam: Elsevier, 2018, pp. 151–166.
[73] F. Samimi and M. R. Rahimpour, “Direct Methanol Fuel Cell,” in Methanol, A.
Basile and F. Dalena, Eds. Amsterdam: Elsevier, 2018, pp. 381–397.

81
[74] FuelCellToday, “FCT - Fuel Cell Technologies - DMFC.”
http://www.fuelcelltoday.com/technologies/dmfc (accessed Aug. 29, 2020).
[75] L. Khotseng, “Fuel Cell Thermodynamics,” in Thermodynamics and Energy
Engineering, P. Vizureanu, Ed. London: IntechOpen, 2020, pp. 3–20.
[76] EPA, “Sources of Greenhouse Gas Emissions | Greenhouse Gas (GHG)
Emissions | US EPA,” United States Environmental Protection Agency, 2019.
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions
(accessed Aug. 23, 2020).
[77] ALSTOM,
“Alstom
Coradia
iLint.”
https://www.alstom.com/oursolutions/rolling-stock/coradia-ilint-worlds-1st-hydrogen-powered-train
(accessed Aug. 23, 2020).
[78] McKinsey & Company, “Hydrogen-powered aviation A fact-based study of
hydrogen technology, economics, and climate impact by 2050,” Publications
Office of the European Union, Belgium, 2020. doi: 10.2843/766989.
[79] P. P. Kundu and K. Dutta, “Hydrogen fuel cells for portable applications,” in
Compendium of Hydrogen Energy, M. Ball, A. Basile, and T. N. Veziroğlu,
Eds. Cambridge: Woodhead, 2016, pp. 111–131.
[80] D. Hart, F. Lehner, S. Jones, J. Lewis, and M. Klippenstein, “The Fuel Cell
Industry
Review
2018,”
E4tech,
London,
2018.
Available:
https://www.californiahydrogen.org/wpcontent/uploads/2019/01/TheFuelCellIndustryReview2018.pdf.
[81] J. Larminie and A. Dicks, Fuel Cell Systems Explained. Chichester: John Wiley
& Sons, Inc, 2003.
[82] H. Abdi, R. Rasouli Nezhad, and M. Salehimaleh, “Fuel Cells,” in Distributed
Generation Systems: Design, Operation and Grid Integration, G. B.
Gharehpetian and S. M. M. Agah, Eds. Oxford: Butterworth-Heinemann Elsevier, 2017, pp. 221–300.
[83] S. Pasupathi, J. C. C. Gomez, H. Su, H. Reddy, P. Bujlo, and C. Sita, Recent
Advances in High-Temperature PEM Fuel Cells. London: Academic Press Elsevier, 2016.
[84] FuelCellToday, “PEMFC.” http://www.fuelcelltoday.com/technologies/pemfc
(accessed Sep. 05, 2020).
[85] O. Danyliv and A. Martinelli, “Nafion/Protic Ionic Liquid Blends: Nanoscale
Organization and Transport Properties,” J. Phys. Chem. C, vol. 123, no. 23, pp.
14813–14824, May 2019, doi: 10.1021/acs.jpcc.9b02874.

82
[86] C. Y. Wong et al., “Additives in proton exchange membranes for low- and hightemperature fuel cell applications: A review,” Int. J. Hydrogen Energy, vol. 44,
no. 12, pp. 6116–6135, Mar. 2019, doi: 10.1016/j.ijhydene.2019.01.084.
[87] N. A. B. Daud, E. Abouzari Lotf, S. Sophia Sha’Rani, M. M. Nasef, A. Ahmad,
and R. Rasit Ali, “Efforts to Improve PBI/Acid Membrane System for High
Temperature Polymer Electrolyte Membrane Fuel Cell (HT-PEMFC),” in E3S
Web of Conferences, Apr. 2019, vol. 90, pp. 1–10, doi:
10.1051/e3sconf/20199001002.
[88] J. Zhang, D. Aili, S. Lu, Q. Li, and S. P. Jiang, “Advancement toward Polymer
Electrolyte Membrane Fuel Cells at Elevated Temperatures,” Research, vol.
2020, pp. 1–15, Jun. 2020, doi: 10.34133/2020/9089405.
[89] N. H. Behling, “Strengths and Weaknesses of Major Government Fuel Cell
R&D Programs: Europe, Japan, and the United States,” in Fuel Cells: Current
Technology Challenges and Future Research Needs, N. H. Behling, Ed.
Amsterdam: Elsevier, 2013, pp. 601–619.
[90] W. Tseng and W.-H. Kao, “Preparation of Electrically Conductive Calcium
Phosphate Composite Foams by Particle-Stabilized Emulsion Route,”
Ceramics, vol. 1, no. 2, pp. 319–328, Oct. 2018, doi: 10.3390/ceramics1020025.
[91] T. Kasuga, M. Nakano, and M. Nogami, “Fast Proton Conductors Derived from
Calcium Phosphate Hydrogels.,” Adv. Mater., vol. 14, no. 20, pp. 1490–1492,
Jan. 2002, doi: https://doi.org/10.1002.
[92] T. Kasuga, M. Kawase, Y. Daiko, and M. Nogami, “Preparation of Fast Proton
Conductors by a Chemicovectorial Method Using Hydration of Calcium
Phosphate Glass,” J. Ceram. Soc. Japan, vol. 112, no. 5, pp. S800–S803, Sep.
2004, doi: 10.14852/JCERSJSUPPL.112.0.S800.0.
[93] J. Rozière, D. Jones, and M. Tillard, “Soid State Ionics,” in Solid State Ionics,
Dec. 2001, vol. 145, no. 1–4, p. 1, doi: 10.1016/S0167-2738(01)00910-9.
[94] Y. S. Park, T. Hatae, H. Itoh, M. Y. Jang, and Y. Yamazaki, “High protonconducting Nafion/calcium hydroxyphosphate composite membranes for fuel
cells,” Electrochim. Acta, vol. 50, no. 2-3 SPEC. ISS., pp. 595–599, Aug. 2004,
doi: 10.1016/j.electacta.2003.12.073.
[95] K. Fukui, N. Arimitsu, K. Jikihara, T. Yamamoto, and H. Yoshida,
“Performance of fuel cell using calcium phosphate hydrogel membrane
prepared from waste incineration fly ash and chicken bone powder,” J. Hazard.
Mater., vol. 168, no. 2–3, pp. 1617–1621, Mar. 2009, doi:
10.1016/j.jhazmat.2009.02.119.

83
[96] H. Sun, M. Yu, Z. Li, and S. Almheiri, “A Molecular Dynamic Simulation of
Hydrated Proton Transfer in Perfluorosulfonate Ionomer Membranes (Nafion
117),” J. Chem., vol. 2015, pp. 1–10, Apr. 2015, doi: 10.1155/2015/169680.
[97] Z. Zuo, Y. Fu, and A. Manthiram, “Novel blend membranes based on acid-base
interactions for fuel cells,” Polymers (Basel)., vol. 4, no. 4, pp. 1627–1644, Dec.
2012, doi: 10.3390/polym4041627.
[98] A. P. Abbott, R. C. Harris, K. S. Ryder, C. D’Agostino, L. F. Gladden, and M.
D. Mantle, “Glycerol eutectics as sustainable solvent systems,” Green Chem.,
vol. 13, no. 1, pp. 82–90, Oct. 2010, doi: 10.1039/c0gc00395f.
[99] T. Welton, “Ionic liquids: a brief history,” Biophys. Rev., vol. 10, no. 3, pp. 691–
706, Apr. 2018, doi: 10.1007/s12551-018-0419-2.
[100] K. Ghandi, “A Review of Ionic Liquids, Their Limits and Applications,” Green
Sustain. Chem., vol. 04, no. 01, pp. 44–53, Feb. 2014, doi:
10.4236/gsc.2014.41008.
[101] S. K. Singh and A. W. Savoy, “Ionic liquids synthesis and applications: An
overview,” J. Mol. Liq., vol. 297, pp. 1–23, Jan. 2020, doi:
10.1016/j.molliq.2019.112038.
[102] J. M. S. S. Esperança, J. N. Canongia Lopes, M. Tariq, L. M. N. B. F. Santos,
J. W. Magee, and L. P. N. Rebelo, “Volatility of Aprotic Ionic Liquids — A
Review,” J. Chem. Eng. Data, vol. 55, no. 1, pp. 3–12, Jan. 2010, doi:
10.1021/je900458w.
[103] M. G. Nair, S. R. Mohapatra, M. R. Garda, B. Patanair, A. Saiter-Fourcin, and
S. Thomas, “Role of protic ionic liquid concentration in proton conducting
polymer electrolytes for improved electrical and thermal properties,” Mater.
Res. Express, vol. 7, no. 6, pp. 1–11, Jun. 2020, doi: 10.1088/20531591/ab9665.
[104] B. Qiu, B. Lin, and F. Yan, “Ionic liquid/poly(ionic liquid)-based electrolytes
for energy devices,” Polym. Int., vol. 62, no. 3, pp. 335–337, Jan. 2013, doi:
10.1002/pi.4454.
[105] D. R. MacFarlane et al., “Ionic liquids and their solid-state analogues as
materials for energy generation and storage,” Nat. Rev. Mater., vol. 1, no. 2, pp.
1–15, Jan. 2016, doi: 10.1038/natrevmats.2015.5.
[106] Z. Tshemese, S. C. Masikane, S. Mlowe, and N. Revaprasadu, “Progress in
Green Solvents for the Stabilisation of Nanomaterials: Imidazolium Based Ionic
Liquids,” in Recent Advances in Ionic Liquids, M. M. Rahman, Ed. London:
InTech, 2018, pp. 69–92.

84
[107] T. Zhang, G. Yu, X. Liang, N. Zhao, F. Zhang, and F. Qu, “Development of
anion conducting zeolitic imidazolate framework bottle around ship
incorporated with ionic liquids,” Int. J. Hydrogen Energy, vol. 44, no. 29, pp.
14481–14492, Apr. 2019, doi: 10.1016/j.ijhydene.2019.04.044.
[108] K. Fatyeyeva, S. Rogalsky, S. Makhno, O. Tarasyuk, J. A. S. Puente, and S.
Marais, “Polyimide/ionic liquid composite membranes for middle and high
temperature fuel cell application: Water sorption behavior and proton
conductivity,” Membranes (Basel)., vol. 10, no. 5, pp. 1–25, Apr. 2020, doi:
10.3390/membranes10050082.
[109] J. Yang, Y. Wang, G. Yang, and S. Zhan, “New anhydrous proton exchange
membranes based on fluoropolymers blend imidazolium poly (aromatic ether
ketone)s for high temperature polymer electrolyte fuel cells,” Int. J. Hydrogen
Energy, vol. 43, no. 17, pp. 8464–8473, Apr. 2018, doi:
10.1016/j.ijhydene.2018.03.128.
[110] H. Ye, J. Huang, J. J. Xu, N. K. A. C. Kodiweera, J. R. P. Jayakody, and S. G.
Greenbaum, “New membranes based on ionic liquids for PEM fuel cells at
elevated temperatures,” J. Power Sources, vol. 178, no. 2, pp. 651–660, Aug.
2007, doi: 10.1016/j.jpowsour.2007.07.074.
[111] J. Fang, M. Lyu, X. Wang, Y. Wu, and J. Zhao, “Synthesis and performance of
novel anion exchange membranes based on imidazolium ionic liquids for
alkaline fuel cell applications,” J. Power Sources, vol. 284, pp. 517–523, Mar.
2015, doi: 10.1016/j.jpowsour.2015.03.065.
[112] S. Y. Lee, A. Ogawa, M. Kanno, H. Nakamoto, T. Yasuda, and M. Watanabe,
“Nonhumidified intermediate temperature fuel cells using protic ionic liquids,”
J. Am. Chem. Soc., vol. 132, no. 28, pp. 9764–9773, Jun. 2010, doi:
10.1021/ja102367x.
[113] H. Li, F. Jiang, Z. Di, and J. Gu, “Anhydrous proton-conducting glass
membranes doped with ionic liquid for intermediate-temperature fuel cells,”
Electrochim.
Acta,
vol.
59,
pp.
86–90,
Jan.
2012,
doi:
10.1016/j.electacta.2011.10.038.
[114] S. J. Lue, Y. L. Pai, C. M. Shih, M. C. Wu, and S. M. Lai, “Novel bilayer wellaligned Nafion/graphene oxide composite membranes prepared using spin
coating method for direct liquid fuel cells,” J. Memb. Sci., vol. 493, pp. 212–
223, Aug. 2015, doi: 10.1016/j.memsci.2015.07.007.
[115] M. Mulder, Basic Principles of Membrane Technology. Dordrecht: Springer
Netherlands, 1996.

85
[116] F. Tasselli, “Membrane Preparation Techniques,” Encyclopedia of Membranes,
no. c. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 1–3, 2015, doi:
10.1007/978-3-642-40872-4.
[117] X.-Z. Yuan, C. Song, H. Wang, and J. Zhang, Electrochemical Impedance
Spectroscopy in PEM Fuel Cells, vol. 111, no. 479. London: Springer London,
2010.
[118] K. Kreuer, “Proton Conductivity: Materials and Applications,” Chem. Mater.,
vol. 8, no. 3, pp. 610–641, Jan. 1996, doi: 10.1021/cm950192a.
[119] K. Z. Ya, G. Kawamura, H. Muto, and A. Matsuda, “Anhydrous proton
conduction of 0.6CsHSO4-0.4H4SiW12O40 (CHS-WSiA) composite materials
fabricated by dry and wet mechanical ball milling,” in Materials Today:
Proceedings,
Mar.
2019,
vol.
16,
pp.
220–225,
doi:
10.1016/j.matpr.2019.05.309.
[120] W. Xie, S. Tan, J. Yang, J. Luo, C. Wang, and Y. Wu, “Ionic Liquid Crystalline
Composite Membranes Composed of Smectic Imidazolium Hydrogen Sulfate
and Polyvinyl Alcohol for Anhydrous Proton Conduction,” Ind. Eng. Chem.
Res., vol. 59, pp. 8623–8639, Apr. 2020, doi: 10.1021/acs.iecr.0c00315.
[121] Y. Zhang, R. Xue, Y. Zhong, F. Jiang, M. Hu, and Q. Yu, “Nafion/IL
Intermediate Temperature Proton Exchange Membranes Improved by
Mesoporous Hollow Silica Spheres,” Fuel Cells, vol. 18, no. 4, pp. 389–396,
Apr. 2018, doi: 10.1002/fuce.201700228.
[122] K. Hooshyari, M. Javanbakht, and M. Adibi, “Novel composite membranes
based on PBI and dicationic ionic liquids for high temperature polymer
electrolyte membrane fuel cells,” Electrochim. Acta, vol. 205, pp. 142–152, Jul.
2016, doi: 10.1016/j.electacta.2016.04.115.
[123] Y. Lv, Z. Li, M. Song, P. Sun, X. Yin, and S. Wang, “Preparation and properties
of ZrPA doped CMPSU cross-linked PBI based high temperature and low
humidity proton exchange membranes,” React. Funct. Polym., vol. 137, pp. 57–
70, Jan. 2019, doi: 10.1016/j.reactfunctpolym.2019.01.014.
[124] Z. Rajabi, M. Javanbakht, K. Hooshyari, A. Badiei, and M. Adibi, “High
temperature composite membranes based on polybenzimidazole and dendrimer
amine functionalized SBA-15 mesoporous silica for fuel cells,” New J. Chem.,
vol. 44, no. 13, pp. 5001–5018, Feb. 2020, doi: 10.1039/c9nj05369g.
[125] V. M. Bouznik, S. D. Kirik, L. A. Solovyov, and A. K. Tsvetnikov, “A crystal
structure of ultra-dispersed form of polytetrafluoroethylene based on X-ray
powder diffraction data,” Powder Diffr., vol. 19, no. 3, pp. 219–224, Sep. 2004,
doi: 10.1154/1.1707037.

86
[126] P. Colomban and A. Novak, “Nature of the protonic species and the gel-crystal
transition in hydrated zirconium phosphate,” J. Mol. Struct., vol. 198, pp. 277–
295, Jul. 1989, doi: 10.1016/0022-2860(89)80044-4.
[127] C. B. A. Lima and C. Airoldi, “Topotactic exchange and intercalation of
calcium phosphate,” Solid State Sci., vol. 6, no. 11, pp. 1245–1250, Sep. 2004,
doi: 10.1016/j.solidstatesciences.2004.06.009.
[128] D. dos S. Tavares, L. D. O. Castro, G. D. de A. Soares, G. G. Alves, and J. M.
Granjeiro, “Synthesis and cytotoxicity evaluation of granular magnesium
substituted β-tricalcium phosphate,” J. Appl. Oral Sci., vol. 21, no. 1, pp. 37–
42, Feb. 2013, doi: 10.1590/1678-7757201302138.
[129] P. Wang, C. Li, H. Gong, X. Jiang, H. Wang, and K. Li, “Effects of synthesis
conditions on the morphology of hydroxyapatite nanoparticles produced by wet
chemical process,” Powder Technol., vol. 203, no. 2, pp. 315–321, Jun. 2010,
doi: 10.1016/j.powtec.2010.05.023.
[130] L. Berzina-Cimdina and N. Borodajenko, “Research of Calcium Phosphates
Using Fourier Transform Infrared Spectroscopy,” in Infrared Spectroscopy Materials Science, Engineering and Technology, T. Theophile, Ed. Rijeka:
InTech Open, 2012, pp. 125–148.
[131] D. E. Newbury, “Mistakes Encountered during Automatic Peak Identification
in Low Beam Energy X-ray Microanalysis,” Scanning, vol. 29, pp. 137–151,
Jul. 2007, doi: 10.1002/sca.20009.
[132] D. E. Newbury, “Mistakes encountered during automatic peak identification of
minor and trace constituents in electron-excited energy dispersive X-ray
microanalysis,” Scanning, vol. 31, no. 3, pp. 91–101, May 2009, doi:
10.1002/sca.20151.
[133] W. L. Yuan, X. Yang, L. He, Y. Xue, S. Qin, and G. H. Tao, “Viscosity,
conductivity, and electrochemical property of dicyanamide ionic liquids,”
Front. Chem., vol. 6, pp. 1–12, Mar. 2018, doi: 10.3389/fchem.2018.00059.
[134] Y. Yoshida, O. Baba, C. Larriba, and G. Saito, “Imidazolium-based ionic
liquids formed with dicyanamide anion: Influence of cationic structure on ionic
conductivity,” J. Phys. Chem. B, vol. 111, no. 42, pp. 12204–12210, Mar. 2007,
doi: 10.1021/jp0745236.

87

Appendix
1-Hexyl-3-methylimidazolium tricyanomethanide [HMIM][C4N3-] Results:

[HMIM][C4N3-] IL Effect:
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Figure 34: Conductivity versus [HMIM][C4N3-] wt.%: Proton Conductivity of
Composite Membranes Containing Different [HMIM][C4N3-] IL wt.% at Fixed 0.2
wt.% of GLY
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Figure 35: [HMIM][ C4N3-] Conductivity versus GLY wt.%: Proton Conductivity of
Composite Membranes at Fixed 2.0 wt.% [HMIM][ C4N3-] Varied with GLY wt.%
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Nyquist Plot of the Best [HMIM][ C4N3-] Combination:
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Figure
36:
Nyquist
Plot
for
[HMIM][C4N3-]/GLY/CP/PTFE:
2.0%[HMIM][C4N3]/0.2%GLY/CP/PTFE Membrane (R=0.29 Ohm)
1-Ethyl-3-methylimidazolium methanesulfonate [EMIM][CH3O3S-] Results:

[EMIM][CH3O3S-] IL Effect:

Proton Conductivity (S/cm x 10-3 )
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Figure 37: Conductivity versus [EMIM][CH3O3S-] wt.%: Proton Conductivity of
Composite Membranes Containing Different [EMIM][CH3O3S-] IL wt.% at Fixed 0.2
wt.% of GLY
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[EMIM][CH3O3S-] with Glycerol Effect:

Proton Conductivity (S/cm x 10-3 )
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Figure 38: [EMIM][CH3O3S-] Conductivity versus GLY wt.%: Proton Conductivity
of Composite Membranes at Fixed 0.6 wt.% [EMIM][CH3O3S-] Varied with GLY
wt.%
Nyquist Plot of the Best [EMIM][CH3O3S-] Combination:
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Figure
39:
Nyquist
Plot
for
[EMIM][CH3O3S-]/GLY/CP/PTFE:
0.6%[EMIM][CH3O3S-]/0.6%GLY/CP/PTFE Membrane (R=5.02 Ohm)
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1-Butyl-3-methylimidazolium dicyanamide [BMIM][DCA] Results:

Proton Conductivity (S/cm x 10-3
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Figure 40: Conductivity versus [BMIM][DCA] wt.%: Proton Conductivity of
Composite Membranes Containing Different [BMIM][DCA] IL wt.% at Fixed 0.2
wt.% of GLY
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Figure 41: [BMIM][DCA] Conductivity versus GLY wt.%: Proton Conductivity of
Composite Membranes at Fixed of 0.6 wt.% [BMIM][DCA] Varied with GLY wt.%
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Nyquist Plot of the Best [BMIM][DCA] Combination:
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Figure
42:
Nyquist
Plot
for
[BMIM][DCA]/GLY/CP/PTFE:
0.6%[BMIM][DCA]/0.2%GLY/CP/PTFE Membrane (R=1.75 Ohm)
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